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ABSTRACT
This project was aimed at providing better understanding of the interactions between the jets 
produced by air assisted orchard sprayers and the plant canopies to which they apply pesticide 
products. In addition, it sought to discover what scope there is for changing pesticide application 
practices in UK orchards.
Laboratory scale experiments were used to gain understanding of the behaviour of two 
dimensional air jets impinging on a range of porous structures. Flow visualisations were used to 
obtain a general idea of the flow patterns produced and detailed measurements gave 
quantification of the je t’s behaviour. Measurements of ajet impinging on a single screen showed 
that the je t’s behaviour could be described in terms of the variation of the axial volume flow and 
the momentum flux across and downstream of the screen. Further to this, it was shown that the 
behaviour of ajet impinging on arrays of porous screens could be equated to the impingement of 
the jet on subsequent screens as if  they were in isolation. This finding applied for screens at 
spacings greater than four times the repeating length scale of the screen (i.e. the hole pitch). 
Measurements with moving jets showed that the momentum flux was unaffected by the je t’s 
movement but that the axial volume flow increased with jet traverse speed.
A questionnaire survey of UK growers was used to gather information on practices within 
orchards. This showed a continuing shift in growing practices towards dwarfing rootstocks, a 
change in application methods towards low volume spray application, but a continuing 
preference for the axial fan design of orchard sprayers. Of the sprayers being used by respondents 
to the survey, 45% were over ten years old.
The findings on jet flow through porous obstacles gives an understanding of the fundamental 
interactions involved in the operation of orchard sprayers. A discussion of the findings in terms 
of the interactions between sprayer jets and plant structures demonstrated that the canopy density 
is likely to have a large influence on the spray drift production. Further work is proposed that 
would quantify the level of drift that would be produced by an industry standard sprayer for a 
given canopy density. Applying the optimum canopy density for minimal drift would then be a 
possible strategy for reducing spray drift. The results of the survey suggested that such a strategy 
could be of some appeal to growers who are reluctant to change spray machinery but have made 
changes to growing systems over the years.
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GUIDE TO PORTFOLIO
1. Recommended Order of Reading
The portfolio for an EngD project differs from a traditional PhD thesis, in that it consists of a 
number of reports written throughout the four year duration of the project, as opposed to a final 
“distillation” o f results. As such it would seem helpful to give some guidance to the reader, that 
will assist in finding the important content of the portfolio and, if  the reader so chooses, avoiding 
sections where there is repetition or those that have no great bearing on the final outcome of the 
research.
The recommended starting point is the executive summary (page VII) and the summary of 
findings and further research (page XII), which summarise the portfolio, the objectives, how 
these were met and what recommendations have led on from these. To gain an understanding of 
the background to the project the reader should then turn to section 1 of the 24 month report 
(Cant, 1996b), which gives a description o f orchard sprayers, how they are used in orchards and 
further background information on research into the behaviour of air jets that could be applied to 
this problem. Although this provides a general review of literature relating to the problem further 
literature will be introduced, where necessary, in the introduction to individual reports or sections 
of reports.
The reader will find the bulk o f the experimental work into the behaviour of jets described in the 
first two reports of the portfolio. Experimental work carried out in the first eighteen months of 
the project is reported in “Results on penetration of an air jet through a two dimensional artificial 
plant canopy” (Cant, 1996c). This describes work that followed on from previous studies of the 
flow of air jets through artificial plant canopies and compares the results to a theory that had been 
proposed for the behaviour of the air j et in such a case. The findings suggested that an alternative 
method for quantifying the je t’s behaviour, based on the integral properties of momentum flux 
and axial volume flow, might hold more promise as a prediction tool. The remainder of the work 
into the behaviour of air jets is contained in separate sections of the 48 month report (Cant, 
1999). Section 1 investigates the importance of screen construction on the behaviour o f a jet 
penetrating through a single screen. Section 2 contains the more detailed measurements of a 
plane jet penetrating through single screens constructed from perforated steel sheet covering a 
range of porosities. Section 3 details the method for predicting the behaviour o f air jets passing 
through arrays of porous screens, based on the results obtained in section 2. In addition, section 3 
also contains flow visualisations of a rectangular jet impinging on single screens, which support 
the findings of section 2 , and flow visualisations o f the same jet impinging on two screens in 
array, which give partial support for the method of predicting the je t’s behaviour.
The final research findings which should be of interest to the reader are those from the survey of 
orchard growers. This is reported in section 4 of the 48 month report (Cant, 1999), which 
presents the methodology of the survey, the findings, and what implications these have for 
anyone attempting to change practices in UK orchards. Finally, to discover how all the findings 
of the research can be drawn together the reader should study section 5 (General Discussion and 
Conclusions) of the 48 month report (Cant, 1999), which covers all the work carried out during 
the four years. Although each section of the portfolio has contained its own discussion and 
conclusion sections, this final section of the 48 month report links all the experimental work 
together and shows how it may all be rationalised in terms of the proposed method for predicting
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jets flows through porous structures. Also included are suggestions for further work that would 
help to make this research more relevant to orchard sprayer jets; the application that gave the 
original motivation for the project.
The order of reading given above represents the route through the portfolio that will give a 
thorough treatment of the work carried out whilst avoiding repetition. Readers with an interest in 
how the project progressed and how the final ideas were developed throughout the four years can 
read the individual six month reports and the conference papers. Each of the six month reports, 
with the exception of the 48 month report, contain reports on progress and planned obj ectives for 
the preceding and forthcoming six month period. The conference papers, which were prepared 
annually (the first three being for the EngD conference and the final paper for the 4Ul UK 
conference on Wind Engineering), show developments in the analysis of the experimental results. 
In all cases work dealt with in these papers is covered more fully in other reports contained in the 
portfolio. Conclusions given in these papers should not be seen as final conclusions for the 
complete portfolio.
2. Method of referencing
The reader will find that, within the 48 month report (Cant, 1999) particularly but also in the 
other reports, there is a degree of cross referencing to previous reports which contain relevant 
information. As far as possible this cross referencing has stated the specific section of a report 
that will be relevant, thus allowing the reader to avoid unnecessary text if  they desire.
Throughout the portfolio the Harvard system of bibliographical referencing has been employed. 
For the purposes of cross referencing within the portfolio, each report is considered to be a 
distinct document and has its own reference list. All references to work by the author can be 
found within this portfolio. In this section, for example, the reference (Cant, 1996b) is shown,, 
from the list below, to be the report “Results on penetration of an air jet through a two 
dimensional artificial plant canopy”. The contents list for the entire portfolio (page IV) indicates 
that this is the second report of the portfolio.
3. References
Cant, R.J. (1996a) “24 month report” EngD portfolio, University of Surrey, Guildford. 57pp.
Cant, R.J. (1996b) “Results on penetration of an air jet through a two dimensional artificial 
crop canopy” University of Surrey, Guildford. 82pp.
Cant, R.J. (1999) “48 month report” EngD portfolio, University of Surrey, Guildford. 121 pp.
VI
EXECUTIVE SUMMARY
This portfolio describes work carried out by the author, over a four year period, to satisfy the 
requirements of the University o f Surrey EngD programme. The project was conducted in 
conjunction with the Chemical Application Group of Silsoe Research Institute and was focussed 
on developing a theoretical description of the interactions between air jet flows and plant 
canopies. This theoretical description is necessary to enable appropriate adjustment of orchard 
sprayers (for example to suit plant canopies of different densities) and in this way give improved 
environmental performance and target deposition.
1.1 Problem definition
A description of the sprayer design under investigation in this project was given in section 1.2 of 
the 24 month report (Cant, 1996b). In short these sprayers are either towed by or mounted on 
tractors, and consist of a tank to contain the spray liquid, a large fan to create an air jet and a 
hydraulic system that pumps liquid from the tank to nozzles, which are usually located inside the 
jet outlet. Air jets are employed to assist the transportation of the spray droplets from the nozzles 
into and onto the plant canopy being treated. Unfortunately the use of air jets also leads to 
increased spray drift from this type of machinery1 (section 1.5 and 1.6 Cant, 1996b), drift being 
defined as spray material which misses the target plant and is carried away to be deposited at 
some site, or on members of the public, outside the orchard.
Reviews of the literature revealed two areas worthy of further research: the technical problem of 
how air jets behave when they are directed at a plant canopy (section 4, Cant, 1996a; section 
1.8.6 and 3.1, Cant, 1996b), and the management problem of how best to implement 
improvements to orchard spraying techniques (section 5, Cant, 1996a). As a result the research 
followed two avenues o f investigation to further understanding of these two areas.
In relation to the technical problem of jets flowing through porous obstacles, it was found that 
very little information existed on jets impinging on even simple porous obstacles. There have 
been a number of previous studies of the air jets produced by orchard sprayers, including field 
measurement and theoretical analysis of these jets. Experimental investigations have included 
full scale and wind tunnel studies o f the interactions between orchard sprayer air jets and tree 
structures. Analytical descriptions are usually confined to the behaviour of the jet prior to 
reaching the plant canopy, based on the jet theory of Abramovich (1963). The only investigation 
that has attempted to describe the problem within the plant canopy analytically is that by 
Walklate et al (1996) which develops a solution o f the conservation equations for the momentum 
transport of an air jet flow through a plant canopy. This model was used to examine how the peak 
velocity of the jet varies through the plant canopy and how this is affected by orchard structure 
(i.e. leaf area density and leaf separation), jet characteristics and the sprayer forward speed. It did 
not, however, examine the behaviour of the jet width, which is required to give a full description 
of the jet, or how the transition from the free jet case outside the canopy to the jet within the 
canopy occurs.
There was a similar scarcity o f information on current practices within UK orchards, in terms of 
'this is in contrast to air assisted boom  sprayers w hich are often touted as a drift reducing technology.
1. Introduction
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the growing systems, types o f machinery and operational parameters being used. There was some 
survey data for UK orchards from 1986 but it was felt that this could be expanded upon and 
brought up to date.
1.2 Scope o f the project
The initial technical objective of the project, as laid out in the early six monthly reports, was to 
link the level of drift produced by orchard sprayers to the configuration of the plant canopy and 
the properties of the sprayer’s air jet. This would be achieved by describing the interactions 
between the sprayer air jet, the plant canopy, and the lower atmospheric boundary layer. The 
technical research focussed on the development of a theoretical framework for the behaviour of 
air jets travelling through porous obstacles. A supplementary objective was also set, in 
recognition that any alterations to spraying equipment or practices must be acceptable to the end 
user (i.e. the orchard grower), to discover what equipment and practices are currently being used 
in orchards and what scope there is for change.
The approach taken to develop the theoretical framework for jet flows through porous structures 
was laboratory scale experiments. This involved measurement and observation with flow 
visualisation of the velocity field o f a number of jet and screen combinations that had not been 
looked at in the past. As mentioned earlier there was virtually no precedent in the literature for 
the measurement of jet flows through porous obstacles. Detailed measurements of a plane jet 
impinging on screens made from perforated steel sheet were used as the basis for a method to 
predict the behaviour of an air jet penetrating through single screens, or through a porous 
obstacle constructed as an array of porous screens. This method was based on the behaviour of 
the jet momentum flux and axial volume flow. Comparisons with further flow visualisations, 
with measurements of a jet flowing through an array of screens carried out early in the project, 
and finally with experiments from a previous study of jet flows through porous arrays (Weiner, 
1993) gave conclusive verification of the model used to quantify the jet momentum flux and 
partial verification of the model for the jet axial volume flow.
Insight into the type of machinery and practices used in UK orchards was obtained with a postal 
survey of orchard growers. This showed that there was scope for encouraging growers to tailor 
the set up of their sprayer's to particular orchard structures. It also suggested that growers are 
more open to changing canopy structures than the type of spray machinery which they use.
The change in jet structure, demonstrated by the technical research suggests that the canopy 
density will have a large influence on the drift production. This finding, and the preference of 
growers to changing growing systems rather than sprayers, leads to the conclusion that changing 
the canopy density would be a good strategy for reducing the high levels o f drift that result from 
orchard sprayers. A proposal for further work is given that would show the likely benefits of such 
an approach and how radical the change to growing system would have to be to obtain significant 
benefits.
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2. Main Findings of the Research
The main findings of the research, and where evidence of these findings may be found in the
portfolio, is listed under sub headings below.
2.1 Penetration ofplane jets through single porous screens
(all findings in section 2 of the 48 month report; Cant, 1999)
• As the porosity of the screen decreases there is a transition in the flow behaviour; from
the continuation o f a jet flow through the screen to the formation of wall jets travelling
along the upstream and downstream faces o f the screen.
• The behaviour of the jet is identical to the behaviour of a free jet up to 70% of the 
distance from the outlet to the screen. The effect of the screen only manifests itself 
beyond this point.
• A Gaussian description of the jet velocity profile, previously used in the study of free 
jets, holds well for all cross sections of the jet upstream and downstream, provided the jet 
width is large relative to the repeating length scale of the screen (i.e. the hole pitch).
• A “step” change in momentum occurs across the region 0.7 < x/H  <1.3, where x is the 
distance downstream from the outlet and H  is the position of the screen.
• There is entire loss of the j et momentum flux for screens that still have a significant level 
of geometric porosity (p = 0.41).
• For the more open screens (p > 0.57) there is no significant loss of axial volume flow at 
the screen but entrainment downstream of the screen is reduced.
• The reduced level of entrainment is associated with a change in the turbulent structure of 
the jet downstream of the screen.
2.2 Penetration o f  rectangular jets through single porous screens
• Similarly to the plane jet, as the porosity o f the screen decreases there is a transition in
the flow behaviour; from the continuation of a jet flow through the screen to the 
formation of wall jets travelling along the upstream and downstream faces of the screen. 
(Section 3 of the 48 month report; Cant, 1999)
• The behaviour of the momentum flux and axial volume flow is similar to that for a plane 
jet impinging on single porous screens. (Sections 1 and 5 of the 48 month report)
• The detailed structure o f the screen has an influence on the jet behaviour. The jet integral 
properties downstream of the screen can vary by up to ± 10% for similar geometric 
porosities, depending on how the screen elements are arranged. (Section 1 of the 48 
month report)
• As with the plane jet, the more open screens (p > 0.57) result in no significant loss of 
axial volume flow at the screen but entrainment downstream of the screen is reduced.
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(Section 1 of the 48 month report)
2.3 Penetration o f rectangular jets through arrays ofporous screens
• The behaviour of air jets passing through arrays of porous screens can, for screen 
separations greater than four times the repeating length scale of the screen, be equated to 
the behaviour caused by interaction with successive screens in isolation. (Sections 3 and 
5 of the 48 month report; Cant, 1999)
• If the jet source is moving past the screen array (as would be the case for a sprayer 
operating within an orchard) there is no influence on the jet momentum flux for ratios of 
traverse speed to jet outlet velocity up to 0.1. (Cant, 1996c)
• The axial volume flow is influenced by the ratio of traverse speed to jet outlet velocity. 
As this ratio increases there appears to be enhanced entrainment into the jet. (Cant, 
1996c)
2.4 Operational practices in UK orchards
(all findings in section 4 of the 48 month report; Cant, 1999)
• The vast majority of sprayers in use in UK orchards are of the axial fan design.
• There is a continued tendency towards dwarfing rootstocks and low volume spray
application.
• Some evidence was found for the use of variable air volume flow from sprayers.
• The turnover of spray machinery is slow. O f the sprayers belonging to the survey 
respondents, 45% were more than ten years old.
3. Main Conclusions
In terms of the first objective, to describe the interactions between sprayer jets and plant 
canopies, the research has shown that this can be achieved using a method based on the integral 
properties of the jet. The behaviour of plane and rectangular air jets passing through single 
screens can be predicted with knowledge o f the momentum loss coefficients and volume flow 
coefficient for the screen in question. This method can be extended to predict the behaviour of air 
jets travelling through arrays of porous screens by making the assumption that the behaviour of 
the j et can be equated to that for a j et encountering successive screens as if  they were in isolation. 
Further work would be necessary to produce a method that could link the air jet and plant canopy 
configuration to the level of spray drift produced by an orchard sprayer. A proposal for such 
work has been given.
The survey of growers addressed how the findings o f the technical research could be applied to 
the industry. The results showed that, in light of the slow turnover of orchard spraying 
machinery, the most promising way o f improving sprayer performance is by changing 
operational practices with the existing equipment or by changing growing systems to give the 
optimal canopy density for spray application.
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SUMMARY OF FINDINGS AND FURTHER RESEARCH IN RELATION TO THE
PROJECT OBJECTIVES
1. Setting the findings within the context of the original objectives
The initial brief for this project, quoted in section 2.7 of the 24 month report (Cant 1996a) was to:
• develop a theoretical description of the important interactions between the air j et flows of an 
air assisted sprayer, the crop canopy and the lower atmospheric boundary layer (ABL).
• Validate key elements o f the theory by experiment.
• Demonstrate the use of this theory as the basis for enabling matching of the control 
characteristics o f air assisted sprayers to key structural features of crops and the conditions of 
the local ABL to bring about a reduction in environmental contamination and improve target 
deposition.
Prior to this project there was no overall understanding of how these interactions occurred. There 
were studies that looked at various aspects of these interactions. For example, Walklate et al 
(1996) examined how the velocity profile of a jet might be influenced as it travelled through a 
plant canopy and presented experimental results for an orchard sprayer jet travelling through an 
artificial plant canopy. A mathematical model o f the far field drift from sprayer systems was 
presented in Miller and Hadfield (1989). Section 1.8.6 of the 24 month report (Cant 1996a) 
identified limitations with the method of Walklate et al (1996) for the purpose of predicting the 
behaviour of a given air jet through a plant canopy.
The method of describing the air jet by its integral properties was devised,-after experience 
gained in the initial experiments (Cant 1996b), as an alternative to the method described in 
Walklate et al (1996). The theoretical description of the interaction between the jet of an air 
assisted sprayer and the orchard crop would be based on two integral properties of the jet; the 
axial volumetric flux and the momentum flux (see section 4 of the 30 month report, Cant 1997). 
It was envisaged that the momentum flux could be obtained using loss coefficients for the porous 
structure, in a way similar to pressure losses across screens in channels. How the volume flow 
might be modelled was less clear at the outset o f the experimental programme.
The theoretical description was developed by carrying out experiments with a two dimensional 
jet impinging on a simple porous structure. Screens constructed from perforated steel sheet were 
selected for their ease o f construction and the ease with which their porosity could be 
characterised without having to be concerned with the influence of compliant structures and the 
different elements of the plant canopy. These experiments demonstrated for the first time the 
change that occurs in the structure of a plane jet impinging on a porous structure for a range of 
porosities. The trend in the axial volume flow and the momentum flux observed across the screen 
led to a theory for the interactions between jets and porous structures based on a momentum loss 
coefficient and a volume flow coefficient. This theory was validated by comparison with 
previous experiments and with additional flow visualisation experiments. These studies covered a 
range of jet arrangements and types of regular porous obstacles.
This work goes a long way to describing the interactions between the sprayer and the crop. The 
fundamental interactions between jets and porous structures have been identified and it would 
seem reasonable to expect that these could be extended to the behaviour of an orchard sprayer jet 
impinging upon a plant canopy. In this case there is one less constraint on the jet, in that it can
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travel over the canopy or along the face the canopy as well as through the canopy. Using the flow 
visualisations presented in figures 3.4 - 3.13 of the 48 month report (Cant 1999) as a basis, the 
flow patterns shown in figure 1.1 are estimated to be a reasonable representation of how the jet 
might interact with different plant canopies
Open canopies (those with high porosity) would have flow patterns similar to those shown in 
figures 2.20 and 3.4 of the 48 month report (Cant 1999), assuming the flow was constrained to 
spreading in two dimensions. The flow pattern remains very jet like and there is no or, at most, 
very little flow lost from the axial direction. In the real world case, where the jet can also spread 
vertically, there is potential for the jet to travel over the top of the canopy. Whether or not this 
occurs will depend on how the jet was targeted towards the plant canopy.
Assuming again that the flow was constrained to spreading in two dimensions, dense canopies 
(those with low porosity) would produce flow patterns similar to those in figures 2.23 and 3.7 of 
the 48 month report (Cant 1999). The flow is deflected from the axial direction and wall jets 
form, travelling along the porous obstacle. When the two dimensional constraint is removed, the 
jet will be deflected vertically as well as horizontally. This would result in a proportion of the 
flow travelling upwards into the lower ABL.
These flow patterns indicate the behaviour o f the air phase of the jet. As was discussed in section
1.8.5 of the 24 month report (Cant 1996a), the behaviour of the droplets within the orchard 
sprayer jet will depend on a number of factors. The low mass loading of spray within the jet does, 
however, mean that the droplets do not have a significant influence on the mean flow properties 
of the jet air phase.
Looking at how the spray droplets might behave in general terms, droplets with larger diameters 
would be more likely to be deposited on the outside o f both types of canopy and would be less 
prone to drift. Smaller droplets would be more likely to give even coverage of the plant, as is 
required to obtain efficacy from the spray application. Smaller droplets would, however, also be 
more prone to drift, due to their better ability to follow the flow around the canopy elements. It is 
imagined that the dense canopy case would produce higher drift from these smaller droplets as 
the jet is deflected around the canopy as a whole, rather than just around the individual elements 
that make up the plant canopy.
Regardless of how the interactions between the droplets and the plant canopy occurs, it is clear 
from figure 1.1 that the findings of the fundamental study of jet interactions with porous 
structures indicates that there could be very different modes o f interaction between the orchard 
sprayer jet and the lower ABL. Verification of how these interactions occur would satisfy the 
second half of the original objective of investigating the interactions between the sprayer jet and 
the lower ABL. A proposal for further work showing the influence of these interactions on spray 
drift is given below. This could be linked back to the findings for the behaviour o f the air phase 
of the jet, through characterisation of the plant canopy porosity.
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End View
A tm o s p h e r ic  b o u n d a ry  la y t r  ,o lc r a c
Dense canopy 
(low porosity)
Open canopy 
(high porosity)
Figure 1.1 Representation o f possible sprayer jet streamlines as influenced by canopy density
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At a number of stages throughout the portfolio possible avenues for further research have been 
identified. Possible objectives for this future work is listed under various headings below.
The fundamental flow  problem
a) determine if a uniform volume flow coefficient applies to all the possible arrangements o f a 
given screen and jet.
b) obtain more complete verification of the model - in terms of applying the volume flow 
coefficient to the behaviour o f air jets travelling through arrays o f porous screens.
c) determine the behaviour o f the impinging jet further downstream of the screen.
d) quantify how the jet volume flow is influenced by the forward speed of the sprayer.
Extending the prediction method to real plant canopies
e) determine the hydraulic porosity of plant canopies.
f) develop a method to reduce the structure of a given plant canopy to an equivalent screen 
array.
g) apply the method proposed for penetration o f jets through arrays o f porous screens to the 
randomised porous structure of a plant canopy.
Liquid phase interactions
h) model the behaviour o f spray droplets to quantify the spray deposition onto the target plant 
and losses into the atmosphere.
i) determine the deposition o f spray on porous obstacles using different droplet sizes (different 
classification of nozzles).
Practical sprayer studies
j) determine the canopy density for which the local minima of spray drift occurs, 
k) determine at which limit o f the sprayer forward speed minimal drift occurs.
Possible computational approaches
1) develop alternative modelling techniques that could be validated against the results for the 
simple jet impingement cases presented in this report.
The overall objective
m) link the level o f spray drift and the target deposition produced by an orchard sprayer to the air 
jet and plant canopy configuration.
To make the best use of resources available to carry out further work it is necessary to prioritise 
the above objectives. This prioritisation is based on the impact that the work would have on the 
overall objective as described above.
The objectives relating to the fundamental flow problem would answer some questions raised by
2. Proposal for Further work
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the investigations o f the fundamental problem of jets impinging on porous obstacles. They would 
not, in themselves, deliver on the final objective. They are therefore not assigned a high priority 
at this stage.
A computational approach would be a possible route that could be followed to achieve the overall 
objective. It is also envisaged that this type of approach would be necessary to model the liquid 
phase interactions. At this stage it is felt that more detailed flow measurements on real crops 
would be required, to validate the results of such methods, before the results could be used as the 
basis of methods for improved spray application. These objectives, therefore, also take a low 
priority. '
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The practical sprayer studies are intended to quantify how the drift production is influenced by 
the change in the plant porosity. The'work canied out with regular porous obstacles showed a 
great difference in the flow structure produced depending on the porosity of the structure. The 
influence that the porosity is likely to have on the flow was represented in figure 1.1. The result 
of such work would demonstrate the possible improvement in sprayer performance that could be 
achieved by tailoring the growing system to provide the optimal density of canopy for spray 
application. This is seen as the number one priority. Once the above experiments had been 
conducted to determine the influence of the canopy density, they could be repeated to show if the 
sprayer speed has any influence
Assuming that it was demonstrated that changing the canopy density could bring about a 
significant improvement to spray application, then the next priority would be to characterise what 
particular growing systems and growth stages gave the canopy density desired to optimise the 
spray application. This could be achieved by delivering on objectives that would extend the 
prediction method to real plant canopies. ' - •
3. Outline proposal for priority research - The influence of canopy density on drift 
production
3.1 Aim
To determine the level of canopy density that will produce minimal spray drift from an air 
assisted sprayer calibrated using industry standard recommendations.
3.2 Background
Studies of the behaviour of two dimensional air jets impinging on single porous screens have 
shown that very different flow patterns are produced depending on the porosity of the screen. It is 
likeiy that these different flow patterns will also apply to the three dimensional jet impingement 
problem created by the interaction of an orchard sprayer jet with a plant structure, depending on 
the density of the canopy. These different flow patterns are likely to create very different spray 
drift footprints.
Looking at the limits of the problem, for applications where there is no plant structure present, 
the drift will be high. At the other extreme, a plant with total blockage (i.e. a solid wall) will also 
produce high drift as the sprayer jet is deflected along and over the canopy. The quantity of drift 
for the total blockage canopy should be lower than for no plant structure, as some of the spray is 
deposited on the outside of the canopy.
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Real world canopies fall somewhere between the two extremes o f canopy density. It can be 
imagined that there is a particular canopy density that will result in the minimum level of spray 
drift. Based on the findings with the two dimensional air jet, it is envisaged that this will occur 
when the canopy density allows the jet to penetrate through the canopy with the optimal velocity 
for interception of the spray droplets by the canopy elements.
Adjusting growing systems used in orchards could, therefore, be a potential method for reducing 
the drift from, and optimising the target deposition of, spray applications with air assisted 
sprayers. Evidence from past surveys of growers suggest that they are more likely to change 
growing practices than the type of spray machinery used in orchards.
An experiment to quantify the level of spray drift for a range of canopy densities would 
demonstrate the canopy density that results in the optimum spray interception and minimal drift. 
If current growing systems do not produce this optimal density, then the severity of changes to 
growing practices to achieve this objective could be determined. The effect on deposition and 
drift of any future change in practices for any other reason could also be estimated.
3.3 Resource requirements
Tractor and sprayer fitted with industry standard nozzles.
Sprayer calibration equipment.
Drift poles and collector lines.
Food dye and adjuvant.
Colorimeter.
Met mast.
Anemometry for measurement of the sprayer air phase output.
Artificial plant canopy.
Real plant crop.
3 personnel during the tests to assist with the stringing and collection of the drift lines.
All of the above equipment is standard to any laboratory equipped to perform spray drift 
experiments. The main consumables would be the drift lines and food dye.
3.4 Steps
Set up the sprayer using the process described in the British Crop Protection Council guide 
(BCPC 1992).
Measure the air velocity profile near the sprayer outlet.
Measure the droplet size distribution produced by the nozzles.
Erect drift poles downwind of the canopy.
Mix spray liquid in tank and keep it agitated.
Calibrate sprayer speed against rpm for the gear that will give the correct application rate at the 
slowest forward speed.
Ensure that the wind speed and direction are correct (ideally the middle of the range o f wind 
speed for which spray treatments are recommended).
Characterise the canopy density (hydraulic porosity).
Apply treatment to the canopy.
Repeat n times to achieve sufficient exposure o f drift lines for subsequent washing and analysis.
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During the treatment record the wind speed and direction.
Collect a sample of the applied liquid from the sprayer tank.
Allow time for the drift lines to dry.
Collect the drift lines.
Wash lines in measured liquid and analyse using colorimeter to determine the quantity of spray 
collected.
Analyse the tank sample using colorimeter to determine the application rate of the dye. 
Calculate the drift flux as a percentage of applied.
Repeat for a range o f canopy densities and with real and artificial plant canopies.
Plot drift flux against canopy density for the real and artificial plant canopy cases.
It is estimated that a month of trials would be required to cover a sufficient range o f canopy 
densities. This would account for 3 man months of labour. A further 2 man months would be 
required for analysis of the drift lines and subsequent processing of the resulting data. This 
proposal would, therefore, require a total of 5 man months of labour that would be split between 
the project coordinator, technicians and laboratory staff.
The majority o f these steps are standard procedure. The steps that require particular attention is 
the characterisation of the canopy density. A further study of the hydraulic porosity of plant 
canopies could be necessary. Alternatively, there are methods available that use laser ranging to 
estimate the density of plant canopies (Walklate, 1997). Existing results for real plant canopies 
could be used to devise an artificial plant canopy that matched the characteristics of a typical 
orchard plant structure. This artificial crop could then be manipulated to give a range of canopy 
densities, between those that produce the extremes o f jet behaviour. This artificial canopy could 
use material, such as camouflage netting, that have a degree of compliance, as is the case with 
real crops. Similar measurements in a real plant canopy would be necessary to verify the results 
from the artificial plant canopy.
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ABSTRACT
This report is the final document in the authors EngD portfolio. As such it includes final reports 
on all the project work that has not been documented elsewhere. In addition the final discussion 
and conclusion sections draws together all the work carried out throughout the four years o f this 
project and relates this back to the original objectives. The sections detailing the experimental 
work on the behaviour of air jets passing through porous obstacles address the affect of a 
number of variables. Section 1 looks at the affect of the detailed screen structure on the 
behaviour of the jet, section 2  shows quantitatively the affect of screen porosity on the jet 
behaviour, while section 3 contains qualitative flow visualisations o f the affect of screen 
porosity. In addition section 3 also examines the affect of having a number of porous screens in 
an array on the behaviour of the jet. Details o f the work to obtain information on current 
practices in UK orchards is given in section 4. The discussion section shows that the results for 
jet impingement for the various jet and screen arrangements all fit within a framework for 
describing the jets behaviour, based on the integral properties of axial volume flow and 
momentum flux. Recommendations are made for how this method could be applied to the 
penetration of orchard sprayer jets through plant canopies and what further work is required 
towards this end. Finally suggestions, based on the results of the growers survey, were made for 
how practices in UK orchards could be changed, once improved methods of application are 
devised.
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1. THE EFFECT OF SCREEN STRUCTURE ON JET IMPINGEMENT
1.1 Introduction
The behaviour of jets impinging on porous structures is of critical importance in the application of 
pesticides to fruit trees and bushes using air-assisted spraying equipment, where the spray droplets 
are transported to and through the target plant by a jet of air (see section 1.2 of the 24 month 
report: Cant, 1996b). A review of the literature on turbulent jets has shown that very little 
attention has been paid to the behaviour of air jets directed at porous structures. Previous 
experimental studies aimed at addressing this problem (Walklate et al, 1996, Weiner, 1993) have 
mainly focussed on the behaviour o f the jet velocity scale. Experimental work by the author 
(Cant, 1996c) on the penetration of an air jet through a structure consisting of several plane screen 
layers suggested that the screens may have been influencing the jet in a manner similar to a 
number of screens in isolation. In the absence of studies o f this kind, however, it was difficult to 
draw firm conclusions from this work. It was therefore proposed to examine the behaviour of air 
jets directed at single porous screens, covering a range of screen porosities (section 3.2 o f the 24 
month report: Cant, 1996b; section 4 of the 30 month report: Cant 1997a).
As noted in the 30 month report, the behaviour o f uniform flows through screens can be 
influenced by the screen porosity and also by the method of construction of the screen. Plant 
canopies are highly complex and can have widely varying structures, with the canopy elements 
being distributed in three dimensions. It was felt that some methods of construction would result 
in screens which would bear a better resemblance to some plant canopies than others but that the 
added complexity would make construction o f such screens more difficult. The objective of this 
experiment was to determine how sensitive the jet is to the detailed arrangement o f the screen 
structure in order to determine if  the extra effort required to produce such screens would be 
justified. This was achieved by examining the flow properties of a jet impinging on screens with 
two alternative arrangements of the screen elements and with two screen porosities.
In addition to the comparison of the two screen structures, measurements were carried out using 
two measurement methodologies. The main screen comparisons were based on measurements 
with a single component laser Doppler anemometer (LDA) making time averaged measurements 
of the velocity profile produced by a stationary jet. To validate the methodology used in a 
previous study of jets passing through porous structures (Cant, 1996c) measurement of a moving 
jet with a stationary ultrasonic anemometer were also made at a limited number o f positions from 
the outlet.
1.2 Materials and Method
1.2.1 Screens
The basis of the screens were sheets of weld mesh, made from non-woven, 3 mm diameter wires 
running parallel and normal to each other on 25.4 mm spacing. Pieces of card were stuck to this 
mesh using silicon sealant to give the desired screen arrangement. The first arrangement, referred 
to here as the “strip” structure, consisted of strips o f card running the full length of the mesh wires 
and covering all the wires (figure 1.1a). The second arrangement, referred to as the “square” 
structure, consisted of squares o f card added at each intersection of the wires and as a result a 
portion of the wire was left exposed (figure 1.1b). It was felt that the square structure was more 
akin to a plant canopy, with the squares representing the leaves and the wires representing the
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branches, whilst the strip structure represented the type of screen that would be simpler to 
construct for the experimental programme. In both cases the card elements were cut to size by 
guillotine to lines drawn on the card by a line printer, plotting data from a computer generated 
file. This method ensured that the average porosity produced was equal to the desired value, 
although there could be small scale variations due to inaccuracies in guillotining the card. The 
porosities to be investigated were 0.6 and 0.4 giving card dimensions o f 5.7 mm and 9.3 mm 
wide strips and 14.2 mm and 18.8 mm wide squares respectively. Details o f the calculation of the 
blockage area ratios are contained in the 30 month report (Cant, 1997a).
The screens were located horizontally at position H  = 0.6 m for the LDA measurements and H  = 
0.5 m for the ultrasonic anemometer measurements, with H  measured from the jet outlet (figure 
1.2). Each individual screen arrangement covered an area 1.8 m long by 0.9 m wide, which was 
half the area o f a wire mesh 3.6 m long. The two screen arrangements on each screen had the 
same blockage area density.
1.2.2 Jet
The jet used in this experiment was created by two cross flow fans, each with their own air inlet 
(600 mm long and 2 0 0  mm wide) drawing air in horizontally, producing a jet of air through a 
common outlet directed vertically downwards through an outlet 600 mm long and 100  mm wide. 
The arrangement of the fans was intended to produce as near a “top hat” outlet velocity profile as 
possible. Figures 1.3 to 1.6 show that the velocity profile is close to being top hat at x/b0 = 0.4, 
where b0 is the width of the outlet, but with a depression in the centre of the profile resulting in a 
±5% variation of velocity across the central portion of the jet. This profile has given way to the 
more usual smooth profile expected for free jets by x/b0 = 1.4. For the measurements with the 
LDA the outlet of the jet was positioned 1.55 m above the floor of the laboratory. This distance 
was reduced to 1.25 m above the floor for the ultrasonic anemometer measurements. The jet was 
free on all sides and was therefore spreading in three dimensions. As this experiment was 
intended as a comparative study of the two screen structures this was not felt to be a problem.
1.2.3 Instrumentation
Mean and fluctuating jet velocities were measured using a single component LDA system 
(Dantec Flowlite) operating in back scatter mode. A beam expander was fitted to the LDA probe 
with a front lens of focal length 500 mm giving an ellipsoid measurement volume approximately 
0.15 mm diameter by 2.03 mm long with the long axis aligned with the z axis of the jet. The jet 
was seeded with particles generated with a silicon oil based smoke generator (JEM fogger, Jem 
Smoke Machine Company Ltd, Spilsby, Lincolnshire using a 50/50 mix of AA and DX fluid), 
introduced through the fan inlets. At each measurement point 500 validated samples were 
recorded, with a validation level o f -3db. The data was post processed using Dantec’s Floware 
software, with inter-arrival time weighting, to give mean and rms velocities in the x-direction. 
For each porosity exactly the same measurement grid was used for the strip and the square 
structure screens. At the nozzle exit measurements were made every 10 mm over the entire jet 
profile. Moving away from the outlet the spacing of measurement positions was increased, whilst 
retaining a concentration of measurement points close to the expected position o f the peak 
velocity. Beyond the screen the measurement spacing reached a maximum of one point every 50 
mm.
For the measurements to test the methodology used in earlier studies velocities were recorded 
with a three component ultrasonic anemometer (Gill Instuments Ltd, Lymington, Hampshire)
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following the methodology described in section 2.3.3 of Cant (1996c). The anemometer was 
operated in mode 1 giving a sampling rate of 21 Hz. The fans producing the jet were traversed 
across the screens at 0.2 ms' 1 giving a measurement resolution of 9.5 mm and a traverse speed to 
jet outlet velocity ratio of 0.017. Previous measurements using a similar methodology have shown 
that, for such a low value of this ratio, the jet behaves in a manner virtually identical to the 
stationary jet (Cant, 1996c).
1.3 Results
1.3.1 LDA measurements
The velocity profiles obtained with the LDA for each of the screens at each measurement cross­
section are shown in figures 1.3 to 1.6. Comparison of the graphs suggests that the profiles at 
each section are more or less identical for each screen from the outlet up to x/H = 0.73. Beyond 
the screen differences in the flow produced by each screen structure become apparent. The data 
from the profiles have been used to calculate the velocity and length scales, volume flow and 
momentum flux as described in section 5.1 of the 36 month report (Cant, 1997b). In short the 
velocity scale Um is the peak velocity across the profile and the length scale, b, is the distance from 
the centre line to the point where U = 0.5Um. The integral properties of the jet, normalised by the 
outlet conditions, are defined as:
for the momentum flux, where UQ is the outlet velocity. It should be noted that equation 1.2 
differs from that reported in the 36 month report and that all values for momentum flux given in 
this report were calculated using equation 1.2 .
Figure 1.7 shows the decay of the maximum stream-wise velocity. With free jets this usually 
occurs on the centre line of the jet as defined from spatial considerations. In this case however, 
examination of the velocity profiles shows that the maximum velocity does not remain on the 
centre line projected vertically from the outlet. This feature is particularly apparent downstream 
of the p  = 0.4 screens and may be attributed to the slight angling of the screen due to it sagging 
under its own weight. The maximum velocity has similar behaviour for all the screens up to x/H  
= 0.73 and in this region the decay has a convex profile in contrast with the inverse square root 
behaviour expected for a free plane jet (see section 1.8.1 of the 24 month report: Cant 1996b). 
This is probably due to a combination of the three dimensional nature of the jet and this region 
only extending to 4.4 nozzle widths downstream of the exit. For free jets the end of the transition 
from the potential core occurs at 30 outlet widths downstream from the outlet (Gutmark and 
Wygnanski, 1976). Beyond the screen the velocity is reduced more than would be expected by 
extrapolation of the upstream points. The p  = 0.6 screens both give very similar peak velocities 
beyond the screen. The p  = 0.4 screens maximum velocities downstream of the screens are
1.1
for the axial volume flow and:
.2
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approximately 70% lower than the equivalent positions for the/? = 0.6 screens and there is a small 
difference between the two screen structures, the strip structure screen retaining slightly higher 
velocities than the square structure screen.
A more sharp difference between the two structures is shown by the variation of the flow 
turbulence intensity at the point corresponding with the peak velocity (figure 1.8). Upstream of 
the screen the normalised fluctuating component of velocity has a value of approximately 0.25 at 
x/H  = 0.73, in agreement with values reported in previous studies of the self preservation region 
of a plane turbulent jet (Gutmark and Wygnanski, 1976, Everitt and Robins, 1978) . For the p  = 
0.6  screens the turbulence intensity is identical across all the measurement cross sections for the 
two screen structures, there being an increase in turbulence intensity near the screen, followed by 
a return to values similar to the free jet {p„/Um ~ 0.24) downstream of the screen. There is a 
marked difference, however, between the downstream turbulence intensity produced by the two 
structures for the less porous screens, the square structure resulting in higher turbulence intensity 
downstream of the screen. In addition the downstream turbulence intensity of the square structure 
continues to increase, whilst that of the strip structure decreases and then levels off in a manner 
similar to the/? = 0 .6  screens but at a higher level.
The jet width data shown in figure 1.9 also demonstrates some differences in the flow produced 
by the two structures. For the high porosity (/? = 0.6) screens the square structure results in a 
narrower jet than the strip structure. This trend is reversed for the low porosity (/? = 0.4) screens, 
with the square structure screen resulting in a wider jet than the strip structure screen. These 
differences in the jet width are reflected in the values obtained for the integral properties of the 
flow.
Figures 1.10 and 1.11 show the integral properties for the four screens as obtained from equations
1.1 and 1.2. Again the values are similar for all cases upstream of the screen. For the axial volume 
flow thep  = 0.6  screens lead to a slight reduction in the flow, which then levels off at a constant 
value downstream of the screen, the square structure retaining slightly higher values than the strip 
structure. For thep  -  0.4 screens the axial volume flow continues to decrease downstream of the 
screen, and the opposite trend to the/? = 0 .6  screens is apparent, the strip structure retaining 
higher values than the square structure. The momentum flux of all the cases is reduced by the 
interaction with the screen, thep  = 0.4 screen giving a greater loss than thep  = 0.6 screens, as 
would be expected. The variation between the results for the two screen structures follows the 
trend set by the volume flux data.
1.3.2 Ultrasonic anemometer measurements
Figures 1.12 to 1.15 show the velocity profiles obtained by ensemble averaging the velocity time 
histories obtained for the moving jet with the ultrasonic anemometer. In these profiles the velocity 
is positioned arbitrarily on the y  axis, in the absence of a method of recording the position of the 
fan carriage relative to the anemometer. Velocity and length scales, axial volume flow and 
momentum fluxes have been calculated for these profiles in the same manner as for the LDA 
measurements and are shown in tables 1.1 to 1.3 in comparison with the LDA results.
1.4 Discussion
The gross effect of the screens on the axial volume flow is demonstrated by calculating the ratio 
of the axial volume flow before and after the screens at positions x/H  =0 .6  and x/H  = 1.2 (table
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1.1). This also allows a comparison of the results obtained from the two measurement 
methodologies. This ratio shows that there is continuity of axial volume flow across thep  = 0.6 
screens but not for the p  = 0.4 screens. Although the values are not identical for the two 
measurement methodologies the trends in the data are the same, the variation perhaps being due 
to the difference in screen positions between the LDA (x/bQ = 6 ) and the Ultrasonic anemometer 
measurements (x/ba = 5).
axial volume flow ratio
porosity structure
LDA Ultrasonic
0.6 square 1.08 1.11
0.6 strip 0.96 1.00
0.4 square 0.43 0.39
0.4 strip 0.58 0.52
Table 1.1 Effect of screen structure on the axial volume flow ratio for different measurement 
methodologies
The momentum flux data has been used to calculate momentum loss coefficients for the screens 
using equation:
K  ~ M.Cm = —?------- I  ! 3
where M 0 is the upstream momentum flux and M , is the downstream momentum flux. For the 
LDA results M 0 was taken to be the average momentum across positions 0.2 < x/H <, 0.6 and M, 
the average momentum over positions 1.2 < x/H  < 1.5. For the ultrasonic anemometer 
measurements the values of momentum at positions x/H  = 0.6 and x/H  =1 .2  were taken for M 0 
and M , respectively. The results are shown in table 1.2, from which it is clear that there is some 
difference in the values obtained with similar porosities but varying structure. Again a comparison 
between the two measurement methodologies shows some difference in absolute values but a 
similar trend between the two sets of data.
porosity structure Cm (LDA) Cm (U’Sonic)
0 .6 square 0.59 0.48
0.6 strip 0.65 0.58
0.4 square 0.97 0.91
0.4 strip 0.94 0.92
Table 1.2 Effect of screen structure on loss coefficient for different measurement 
methodologies.
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As a further comparison between the two measurement methodologies the jet properties at x/bQ 
-  3 are shown in table 1.3. At this point x /H -  0.5 for the LDA measurements and 0.6 for the 
ultrasonic anemometer measurements so the jet should not show any influence of the screen 
structure. The mean properties obtained for each screen show good agreement between the two 
measurement methodologies. The table also shows that, in general, higher standard deviations are 
obtained for the ultrasonic anemometer data. This reflects the greater uncertainty inherent in using 
ensemble averaging with a limited number of realisations, as opposed to a profile obtained from 
single point measurement.
U JU 0 b (mm) Q/Q0 M/Ma
structure LDA U ’sonic L D A U ’sonic LDA U ’sonic LDA U ’sonic
p  ~ 0 .6  square 0.97 0.99 73 74 1.43 1.45 1.01 1.01
p  -  0 .6  strip 0.96 0.97 74 74 1.42 1.40 0.99 0.95
p  = 0.4 square 0.97 0.98 75 74 1.46 1.52 1.02 1.04
p  = 0.4 strip 0.97 0.96 71 74 1.42 1.49 0.98 1.00
Mean 0.97 0.98 73.3 74 1.43 1.47 1 1
S.D. 0.004 0.013 1.7 0 0.019 0.051 0.018 0.037
Table 1.3 Comparison of jet properties at x  = 300 mm for the two measurement 
methodologies
1.5 Conclusions
Measurements of the axial velocity of jets impinging on screens with different detailed structure, 
but with identical geometric porosity, have shown that there are some differences in the flows 
produced by the two structures. In addition comparison of single point, time averaged LDA 
measurements, with velocity profiles obtained from ensemble averaging of velocity histories 
obtained from a moving jet with an ultrasonic anemometer have shown the two methods to be in 
reasonable agreement.
For the high porosity (p = 0.6) screen the ratio of integral properties across the screen varied by 
12% depending on the screen structure. For the low porosity (p = 0.4) screen this had increased 
to 15% for the volume flow but reduced to 3% for the momentum flux. There was no significant 
difference in the peak mean velocity produced at each porosity, however, there was a difference 
in the turbulence intensity downstream of the screen of the low porosity case. The jet width data 
also showed considerable scatter downstream of the screen but it was felt that, for the low 
porosity case, this was partly due to the change in shape of the velocity profile produced by the 
strip structure screen, which was exacerbated by the angling of the screen relative to the jet. This 
was a limitation of the apparatus. On the basis of these findings perforated steel sheet was selected 
as the best material for the more detailed investigation of the behaviour of jets impinging on 
porous screens. This is justified by the ease with which screens of accurate porosity can be 
constructed from this type of material and the reasonable agreement (within 15%) between the 
ratio of the integral properties across the screen for the two structures.
7
(a) screen produced by adding strips along the length o f  the wires
(b) screen produced by adding squares at the wire intersections
Figure 1.1 Screen structures (not to scale)
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2. THE EFFECT OF SCREEN POROSITY ON JET IMPINGEMENT 
- VELOCITY MEASUREMENT
2.1 Introduction
Penetration of air jets through porous screens, perhaps the simplest example of a jet flow 
through a porous structure, is a problem that has received little attention from researchers. In 
attempting to understand how jets would behave when travelling through more complex 
porous structures, such as plant canopies, it was felt that an understanding of simpler 
problems was necessary first. This experiment was planned to provide this understanding 
and a platform, on which a theory for jet flow through porous obstacles could be built.
Previous reports by the author have documented the motivation behind the project and 
planning of the methodologies. The 24 month report (Cant, 1996b), section 3.2 gave an 
outline of the intended experimental method. More detail of the background to the problem 
and how the results would be analysed was given in the 30 month report (Cant, 1997a), 
section 4, and the FORTRAN code used to analyse the velocity profile data was presented in 
the 36 month report (Cant, 1997b), section 5. The following description of jet properties is 
provided to focus on the known properties of free jets that will be referred to later, in the 
discussion section.
For free jets a condition of self preservation applies after approximately 40 nozzle widths 
downstream. This condition applies to the mean and fluctuating velocity profiles and the 
Gaussian:
U _  W f ) '
= e 2.1
Um
has been used in previous studies as a reasonable representation of the mean velocity profile 
(Rajaratnam, 1976). In this expression U is the velocity component in the main direction of 
the jet, Um is the peak velocity on the profile, y  is the transverse direction and b is the 
distance from the jet axis to the point on the profile where U = 0.5 Um. Classical jet theory
(Abramovich, 1963) allows relationships for the spreading rate and the decay of the centre
line velocity to be derived and they can be expressed in non-dimensional form as:
—  = K . —  + C. 2.2
b„ 1 A  1O
for the jet width and
' U S ' = K 2 — + C 2 2.3
2 bn 2
for the centre line velocity where x is the distance from the jet outlet, b0 is the outlet width of 
the jet, U0 is the outlet velocity and K  and C are constants.
In this experiment much of the analysis has focussed on the effect which the introduction of 
a screen has on the momentum flux and the axial volume flow of the jet. These properties,
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normalised by the outlet conditions, are defined as:
J L  = _ L  
Q0 UJbo o
fU d y 2.4
for the axial volume flow and:
M
Uib„
fU \U \d y 2.5
for the momentum flux. These integrals have been calculated from the mean velocity profiles 
numerically using the trapezoidal rule. A detailed description of the implementation of this is given 
in the 36 month report, section 5, although it should be noted that in that report the momentum 
flux was described as being calculated using I f  rather than UIUI. The results described in this 
report were produced using the integral given in equation 2.5.
2.2 Materials and Method
2.2.1 The Jet Rig
The experimental rig consisted of a plane jet directed at a screen of varying porosity located 
normal to the jet, at a fixed position downstream of the jet outlet. The jet was produced by fitting 
an additional contraction to an open section wind tunnel with the final outlet having dimensions 
600 mm long by 5.5 mm wide. Side walls were fitted downstream of the outlet to confine 
spreading of the jet to the transverse (y) direction only. One of these walls was constructed from 
perspex to allow penetration o f the beams of the LDA system.
Overall the wind tunnel and jet unit consisted of a 5.2 lcW Carter Howden blower unit, a diffuser 
with inlet dimensions 598 mm by 536 mm containing 3 screens, a settling chamber with 
dimensions 1000 mm square containing 4 screens, an initial contraction from the settling chamber 
dimensions down to 300 mm by 600 mm over a distance of 1250 mm, and an additional 
contraction down to 5.5 mm by 600 mm over a distance of 375 mm. The arrangement is shown 
in figure 2.1 and a fuller description of the rig is given in Guridi (1997). This arrangement resulted 
in a jet with low turbulence levels at the outlet and with an approximately top hat velocity profile, 
with constant velocity across the span of the jet.
diameter (mm) pitch (mm) porosity
12.7 15.0 0.65
12.7 16.0 0.57
9.5 12.8 0.50
6.4 9.5 0.41
Table 2.1 Geometry of screens.
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The screens for this experiment were constructed from 0.9 mm thick sheets of perforated steel. 
The holes were uniformly spaced on 60° angular spacing with hole diameters, pitch and resulting 
porosity, p, as shown in table 2.1. The pitch of the holes was kept below 16 mm to ensure that 
there was at least 15 holes across the jet at the screen location, if, at x = 500 mm.
2.2.2 Instrumentation
During the experimental runs the outlet velocity was monitored at position x = 6 mm, y  -  0, z  = 
200 mm with a 1.5 mm external diameter total head tube connected to a micro-manometer 
(Furness Controls Limited, Bexhill, England model FC012). The output from the manometer was 
fed to a personal computer which employed a routine to calculate the mean outlet velocity during 
the period of sampling each point on the velocity profile. A nominal outlet velocity of between 37 
and 40 m s'1 was maintained during all the tests and the outlet velocity at each point was used for 
normalisation of the results as described in section 5 of the 36 month report (Cant, 1997b).
Downstream jet velocities were measured with the single component laser Doppler anemometer 
(LDA). The optics produced two beams 38 mm apart focussed though a front lense of 500 mm 
focal length, resulting in a measurement volume 0.24 mm round by 6.31 mm long, the long axis 
being aligned with the z direction. The probe o f the LDA was mounted on a manual traverse gear 
located to the side of the jet which allowed the probe to be positioned in 1 mm increments 
through a range of 0 - 900 mm in the x  direction and ±400 mm in the y  direction. In the 
measurement of transverse and stream-wise velocity profiles the measurement volume was 
located on the central plane of the jet, i.e. on z = 0.
Seeding, in the form of particles produced by a commercial smoke generator, was delivered into 
the jet via the entrainment air. Particle sizing of this smoke had shown that 99.8% of the particles 
had diameter less than 5 pm. The particles must be sufficiently small if  they are going to follow 
the flow accurately and, according to the criteria that the particles should have a time constant 
less than the Kolmogorov micro time (George and Taulbee, 1992), the minimum particle diameter 
suitable for this flow is 10 pm (based on data for the Kolmogorov microscales from Gutmark and 
Wygnanski, 1976). To overcome any possible bias in the results due to uneven seeding the dead 
time facility of the LDA was set to 0.05 seconds, which resulted in a near fixed sampling rate 
approaching 20 Hz.
Bandwidth (MHz) Velocity range (ms'1) Gain PM Voltage (V)
12 ±50 low 1536
4 ±16.7 low 1400
1.2 ±5 low 1160
Table 2.2 Photomultiplier voltage settings and velocity range depending on LDA band-width.
Preliminary measurements were carried out over a range of voltage settings for the photo­
multiplier, and at several positions within the jet, to determine the optimum settings for this flow. 
This is necessary in order to achieve the maximum data rate possible without compromising the 
accuracy of the results due to spurious values in the velocity histogram. Appendix 2A shows 
graphs of data rate, validation rate, and mean and fluctuating velocities versus voltage setting for
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two bandwidth settings of the LDA and for high and low hardware gain settings. The results show 
that a slightly higher data rate was achieved for a low gain setting, all other things being equal. 
In addition it was possible to determine photomultiplier voltage settings for each bandwidth, 
giving optimum data rate without compromising the quality of the data, that would be effective 
both on the jet centre line and at the jet edge, near the jet outlet and far downstream. These values 
are shown in table 2.2. The voltage settings were selected to give constant photomultiplier 
sensitivity regardless of bandwidth, as described in the Floware manual section 6.2.8.
2.3 Results
Agreement between the free jet results obtained from this rig and previous measurements of this 
flow is demonstrated in figures 2.2 - 2.4 and table 2.3. Figure 2.2 shows the mean velocity profiles 
normalised by the relevant velocity and length scales to give similarity profiles which are in 
agreement with the Gaussian (equation 2.1) described in section 2.1. The normalised values 
obtained for the fluctuating component of velocity (figure 2.3) also reduce to similar profiles, 
although there is a departure from similarity beyond x/ba = 136. This is probably due to draughts 
in the laboratory affecting the flow in this relatively low velocity region (Um = 6 ms'1). Linear 
regression was used to fit the data for the centre line velocity and jet width, shown in figure 2.4, 
to equations 2.2 and 2.3, the resulting coefficients are shown in table 2.3 to be in good agreement 
with previous studies of free turbulent plane jets.
Investigation maximum x/bQ K, c , k 2 c 2
present 154 0.11 0.03 0.215 -1.754
Beltaos and Rajaratnam 58 0.1 0.015 0.174 -0.43
Flora and Goldschmidt 90 0.13 1.95 0.23 0.454
Everitt and Robins 90 0.09-0.11 - 0.14-0.22 -
Table 2.3 Free jet coefficients
A further comparison with previous experiments was possible for the data obtained for a jet 
impinging on a solid wall. Centre line velocities and jet widths, normalised by the free jet values 
given by equations 2.2 and 2.3 and the coefficients given in table 2.3, are presented in figures 2.5 
and 2.6, for the present study and a previous study of jets impinging on solid walls (Beltaos and 
Rajaratnam, 1973). This method of presenting the data is necessary to overcome differences in 
the jet outlet width, and distance from the outlet to the wall, between the two studies and shows 
that the data from both studies collapse onto a single curve. For both jet properties it is clear that 
the jet behaves as a free jet up to around x/H = 0.7, beyond which the centre line velocity 
decreases at an accelerated rate and the jet widths broadens at a greater rate than for the free jet. 
The formation of a wall jet away from the centre line of the original jet is demonstrated by the 
data for the V - component of velocity, which is presented in figure 2.7 normalised by the relevant 
velocity and length scales (F„„ the peak velocity across the profile and bx, the distance from the 
wall to the furthest point on the profile where V -  0.5 Vm) . This shows that for y/H  £ 0.4 the 
condition of profile similarity is met and the data are in reasonable agreement with those of 
Wygnanski et al (1992) for a wall jet produced by an outlet blowing parallel to a wall. There is 
a discrepancy between the two sets of data around (H-x)/bx = 0.5, which may be due to the jet still 
developing within the region that the measurements were made or the different methods of
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producing the wall jets.
Profiles of the mean and fluctuating ^/-component of velocity are presented in appendix 2B in 
normalised form, for each screen porosity investigated. These profiles were used to obtain the 
centre-line velocity, length scale, volumetric flow and momentum flux of the jet, as described in 
section 2.1. These properties are presented in figures 2 .8-2.12.
The behaviour of all the jet properties is consistent with the idea of the jet downstream of the 
screen being progressively more diffuse as the porosity of the screen is reduced. The centre-line 
velocity, volumetric flow and momentum flux are all lower than for the free jet, while the jet width 
is increased compared to the free jet value. The centre-line turbulence intensity is the only flow 
property which does not appear to behave monotonically with porosity. For the high porosity 
screens the turbulence is reduced while for the low porosity screens the turbulence is increased, 
relative to the free jet value.
The momentum flux of the jet downstream of each of the screens was used to calculate 
momentum loss coefficients, Cm, for the screens using the formula
where, in this case, M 0 is the value of the momentum flux of the free jet at x/H  =1.3 and M x is the 
momentum flux behind the screen in question at the same cross section. Figure 2.13 demonstrates 
that for thep  = 0.4 screen the theoretical maximum value for the loss coefficient, that is Cm = 1, 
has been reached, meaning that the drag on this screen is the same as the drag for a solid wall 
placed across the jet. As the porosity increases the loss coefficient decreases, tending towards the 
theoretical minimum value (Cm = 0) for p  = 0.
Evidence for a significant change in the pattern of the flow is provided by figures 2.14 and 2.15 
which show profiles for the E-component of velocity obtained for the lower porosity screens (p 
= 0.5 and 0.4). For the p  = 0.4 screen a clear wall jet has formed, on both the upstream and 
downstream sides of the screen, while for the p  = 0.5 screen there appears to be an attempt to 
form a wall jet but with insufficient inertia for it to be sustained to y/H  = 0.8. These results are in 
contrast to those for the higher porosity screens which showed no significant transverse 
components of velocity, apart from the expected entrainment flow into the jet. This is indicated 
by figure 2.16, which shows the E-component of velocity along the locus of points described by 
y  = 2.5b for the solid wall, and thep  = 0.4, 0.5 and 0.57 screens.
Further measurements were made downstream of the screens to obtain more information on the 
turbulent structure of the flow. Figures 2.17 and 2.18 show power spectra for the U and V 
components of velocity at point x = 650 mm, y  = 0, z = 0 calculated from a 10,000 point sample 
recorded at approximately 40 Flz for the free jet and p  = 0.65, 0.57, and 0.5 screens. The spectra 
were calculated using the spectral analysis feature of the Dantec Flowlite software, which 
normalised the spectra such that
2.7
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where /  is the frequency and S(f) is the level of the power spectra. The dc level o f the power 
spectra was used to calculate the integral length scale of turbulence, assuming that Taylor’s 
frozen eddy hypothesis applied, from the equation:
L, = S,(P)Uc
2a J
2.8
where Li is the integral length scale, <S,{0) is the dc level o f the power spectrum, Uc is the 
convection velocity taken equal to the U component of velocity at that point, and ay is the rms 
level of velocity. The subscript i follows the usual tensor notation to denote the component of 
velocity under question. Values obtained for the integral length scales are shown in table 2.4. The 
value of Lx/b obtained for the free jet (p = 1) compares well with that calculated by Everitt and 
Robins (1978) from power spectral density measurements (Lx/b = 0.40) in their study o f turbulent 
plane jets.
p Lx (m) Lx/b Ly (m) Ly/b
1 0.028 0.394 0.018 0.261
0.65 0.027 0.287 0.013 0.141
0.57 0.021 0.181 0.013 0.112
0.5 0.012 0.068 0.009 0.049
Table 2.4 Integral length scales and length scale ratios at x/H  = 1.3 
2.4 Discussion
The results obtained for the free jet and the jet impinging upon the solid wall have been shown to 
agree with previous studies o f these flows. A number of interesting phenomena were 
demonstrated by the measurement of a plane jet impinging on screens for a range of porosities. 
For higher porosity screens it has been shown that the flow retains jet-like behaviour, with the 
volume flow continuing on in the initial direction downstream of the screen (figure 2.10). For 
lower porosities, however, the jet is deflected by the screen so that it maintains a significant 
component of velocity normal to the initial direction downstream of the screen (figure 2.16) and 
axial volume flow is lost (figure 2.10).
The velocity profiles shown in appendix 2B have been used to estimate the streamlines produced 
by the free jet and each of the screens (figures 2.19 - 2.23). These give an indication of the slower 
velocity of the entrainment air and the spreading that occurs in the jet at the screen. The high 
porosity screens result in a wider jet downstream of the screen, carrying on in the original 
direction of the jet. For the lower porosity screens it is clear that the flow continues to diverge 
downstream of the screen and for the least porous screen the jet is shown to be completely turned 
by the screen. A further interesting feature is the apparent recirculation occurring upstream of the 
screen for the p  = 0.5 case.
The non-dimensional profiles presented in appendix 2B showed that, in general, even within the 
impingement region and downstream of the screens, the profiles still conform to the Gaussian
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profile described in section 2.1. This general agreement of the non-dimensional profiles with the 
Gaussian form would allow the volume flow and momentum flux to be estimated from the length 
and velocity scales, or vice versa, using the following expressions:
Q = 2.Y22U mb 2.9
M  = 1.505C/> 2.10
where the constants are derived from the integral of the Gaussian expression for the non- 
dimensional profiles. These expressions will be used in analysis of jet widths derived from flow 
visualisation experiments presented in subsequent sections of this report.
Although the results for the decay of the centre line velocity and the width of the free jet were 
shown to agree well with results obtained in previous experiments of this type (figure 2.4 and 
table 2.3), it is clear from fig 2.11 that the momentum flux of the free jet {p = 1) does not behave 
as it should according to the theory of free jets. The graph shows that the momentum flux, 
calculated from the integral shown in equation 2.5 with limits of integration of y/b « ±2.5, 
decreases as the jet travels downstream. This finding is, in fact, fairly common in the study of 
plane jets (Gutmark and Wygnanski, 1976; Schneider, 1985) and is attributed to how the design 
of the outlet affects the initial behaviour of the jet. In this case the loss of momentum is probably 
associated with the wall, 16 outlet widths high, from which the jet exits, which will constrain the 
entrainment flow close to the nozzle. For the purposes o f this investigation the decay in the 
measured momentum flux is not of great concern as the main objective is to obtain a comparison 
between free jet behaviour and the behaviour o f the jets impinging on porous screens. The 
momentum flux downstream of the screens shows that the slope o f the momentum flux data 
returns to that o f the free jet, for all cases where the jet continues on downstream.
The calculation of momentum loss coefficients for jet flows through screens by equation 2.6 has 
parallels with the pressure loss coefficient, Cp, defined for the behaviour of a flow passing 
through a screen located within a confined channel, as might be found, for example, in a wind 
tunnel. These momentum and pressure loss coefficients are, however, not directly comparable, 
due to the different boundary conditions that apply to the two flows to which the respective loss 
coefficients relate. For the flow within a channel the momentum normal to the screen is 
conserved and the drag on the screen is due to the pressure loss across the screen (Laws and 
Livesey, 1978). For the simplest case of a uniform flow within a channel the pressure loss 
coefficient is expressed as:
P -  P
Cp = ~  y  2.11
p 0.5p U 2
where Pi and P2 are the upstream and downstream pressures. This loss coefficient (for the case of 
a square edged perforated plate) has been shown, using an analysis based on the assumption that 
the pressure drop is the same as that through a plate with a single opening, to be related to the 
screen porosity by
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Cp = (  1 -  C cP
Ccp
2.12
where Cc is the coefficient of contraction that applies to the orifices making up the screen (Baines 
and Peterson, 1951). In the same paper experimental results validated this analysis and curves 
were presented for the variation of Cp with porosity. These loss coefficients (adjusted by a factor 
of 0.5 to account for the different denominators used in equations 2.6 and 2.11) for uniform flow 
through perforated plates are plotted in figure 2.13 together with the momentum loss coefficients 
obtained in this study. The figure shows that for the porosity at a maximum value of 1 the 
pressure loss coefficient and the momentum loss coefficient reduce to zero. As the porosity 
decreases the points for the two cases diverge. This difference is associated with the jets ability, 
due to there being no enclosing channel, to maintain an upstream flow even when there is no flow 
through the screen.
In their review of flow through screens Laws and Livesey (1978) described how instabilities may 
exist downstream of low porosity screens leading to differences between the measured and 
expected downstream profiles. Different studies have observed these phenomena below various 
threshold porosities, ranging from 0.5 to 0.57. In the present study it was found that the transition 
from continued jet-like behaviour downstream of the screens to more diffuse behaviour occurs 
at a porosity between 0.57 and 0.5, similar to the threshold for the onset of instabilities described 
above. It is not clear how this might relate to the existence of flow instabilities and, in fact, the 
occurrence of these two phenomena at similar porosities may be no more than coincidence.
The results for the high porosity screens demonstrated that the axial volume flow of the jet 
upstream of the screen at position x/H  = 0.8 is conserved across the screen and within the range 
of the measurement cross sections downstream of the screen (figure 2.10). In effect there is no 
loss of axial volume flow associated with the interaction with these screens and, in addition, there 
is no detectable entrainment of air into the jet downstream of these screens up to x/H  = 1.7. It 
should be noted that this position is only approximately three local jet widths downstream of the 
screen and, therefore, may not reflect the behaviour further downstream. Figures 2.8 and 2.9 show 
that the conservation of axial flow was associated with virtually constant jet width and peak 
velocities, i.e. there was no change in the velocity profile downstream of the screen. This could 
be thought of as a rather unusual finding because the boundary between the jet and the non- 
vortical fluid surrounding the jet still exists downstream of the screen, making it a reasonable 
assumption that entrainment would continue. It was hypothesised that this suppression of the 
entrainment downstream of the screen was due to a change in the turbulent structure of the flow, 
caused by the screen. This idea was partially supported by the behaviour of the turbulence 
intensity downstream of the screen, there being a reduction in this parameter for the two most 
porous screens. Measurements suited to spectral analysis were carried out to obtain more detail 
of how the turbulence structure was affected by the screens.
The point for the spectral analysis measurements was selected to be outside the main impingement 
region close to the screen. The centre line of the jet was selected so that the convection velocity 
was equal to the mean velocity in the axial direction and to allow comparison with previous 
measurements. The results showed a small decrease in the integral length scale of turbulence on 
introduction of the screen. The following argument is intended to relate this phenomena to the 
suppression of entrainment downstream of these screens.
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There are instances in previous studies where the entrainment process into jets has been likened 
to the entrainment into mixing layers, a flow which involves two laminar flows travelling at 
different speeds meeting, and thus forming a growing region of turbulent fluid as the two laminar 
flows interact. In a study of the affect of the outlet conditions on the downstream behaviour of 
plane jets, Hussain and Clark (1977) explained the difference between the near outlet entrainment 
of jets which were either initially laminar or initially turbulent, by the laminar je t’s propensity to 
form a “train of spanwise rectilinear vortex elements”. They argued that the pairing of these 
vortex elements resulted in the higher rates of entrainment exhibited by the laminar jet. This 
process of vortex pairing was compared to the “vortex coalescence” models which had recently 
been proposed for the mixing of shear layers ( see e.g. Brown and Roshko, 1974).
A more recent update on this theory o f entrainment to mixing layers is given by Dimotakis 
(1986). He explains the entrainment process into shear layers as occurring in three phases. The 
first of these, termed induction, involves the irrotational fluid close to the vortical fluid of the 
shear layer being set in motion, prior to acquiring vorticity o f its own. This inducted fluid, 
although still irrotational, is part of the motion in the turbulent region. The second stage, termed 
diastrophy, is the action of viscosity to produce vorticity which then cascades to spatial scales of 
the order o f the Kolmogorov scales. The third stage, termed infusion, is associated with other 
diffusive processes, such as molecular mixing.
Brown and Roshko (1974) argued that if  the large eddies were considered to be cylindrical, with 
diameter, 8 , then the volume o f fluid entangled into the vortex per unit span would be 
proportional to S2. The average entrained flow rate would then be proportional to the product of 
this volume with the frequency at which the vortices pass a given point, which could be 
expressed as:
where Uc is the convection speed of the eddies and I is the average spacing between eddies. In 
addition they argued that the eddy spacing was proportional to the eddy size resulting in:
Qe «  6 Uc 2.14
Applying this argument to the data available for these experiments, it would seem reasonable to 
claim that the diameter of the large eddies could be given by the integral scale of turbulence and 
that the convection speed will be proportional to the jet centre line velocity. For free jets a 
condition of self preservation applies to the jet after approximately 40 nozzle widths downstream. 
This applies to not only the mean and fluctuating velocity profiles but also to the turbulent 
structure of the jet (Gutmark and Wygnanski, 1976). This means that the integral length scale of 
turbulence varies linearly with x. In addition, it was shown in section 2.1 that the centre-line 
velocity is proportional to the inverse square root of x. Applying these relationships to equation 
2.14 results in the expression:
Qe cc V x 2.15
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The behaviour of the jet downstream of the screens has been shown to differ from the free jet 
behaviour. In the region where measurements were made the centre line velocity remained nearly 
constant but lower than the free jet value. The behaviour of the integral length scale with 
downstream position has not been obtained in this case but it has been shown that there is a 
reduction in the integral scale, relative to the free jet value, at a fixed point on the jet centre line 
downstream of the screen, when a screen is introduced across the jet. The product o f the centre 
line velocity and the integral scales in the x  and y  directions are shown in tables 2.5 and 2.6 for 
the free jet and the three most porous screens and is seen to reduce significantly with decreasing 
porosity. This reduction supports the argument for reduced entrainment into the jet relative to the 
free jet value, although perhaps this does not explain fully why there is no detectable entrainment 
in the measurement region downstream of the high porosity screens. As mentioned earlier in the 
discussion of the axial volume flow behaviour, the measurement region only extends to around 
three local jet widths downstream of the screen and it is possible that entrainment could be re­
established further downstream of the screen.
for a free jet, which agrees with the expression derived from classical jet theory.
p Um (ms"1) L x (m) L x/b U mLx ( s 1) UmLx(p )/U mLx( p = l )
1 8.08 0.028 0.394 0.226 1
0.65 5.15 0.027 0.287 0.137 0.60
0.57 3.87 0 .021 0.181 0.080 0.35
0.5 2 .0 0 0 .0 1 2 0.068 0.024 0.11
Table 2.5 Integral length scale in x direction and related parameters at y  = 0, x/H  =1.3
P Um (ms"') Ly { m) Ly/b UmLy (S '1) UmLy(p )/U mL y (p = l)
1 8.08 0.018 0.261 0.149 1
0.65 5.15 0.013 0.141 0.067 0.45
0.57 3.87 0.013 0 .1 1 2 0.049 0.33
0.5 2 .0 0 0.009 0.049 0.018 0.12
Table 2.6 Integral length scale in y  direction and related parameters at y  = 0, x/H  =1.3 
2.5 Conclusions
Experiments using a two dimensional jet, which behaved in the manner of a classical jet in the 
absence of any obstruction, have shown the effect o f having planar porous obstructions across the 
path of a plane jet. Different flow patterns were observed, depending on the porosity o f the 
screen.
The effect of the screen, in common with the jet impinging on a solid wall, was found to 
commence beyond 70% of the distance from the outlet to the screen. As would be expected the 
interaction with the screen reduced the jet velocity and increased the jet width progressively, as
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the porosity of the screen was reduced. Associated with these changes o f width and velocity were 
reductions in the axial volume flow and momentum flux relative to the free jet value.
For high porosity screens (p > 0.57) the level of the axial volume flow at x/H  -  0.8 was found to 
be conserved across the screen, with no further entrainment of air into the jet detected 
downstream of the screen. This reduction in the entrainment o f air into the jet was shown to be 
related to the effect of the screen on the je t’s turbulence structure. For screens with porosity 
below 0.57 the axial volume flow was found to be reduced by the interaction with the screen as 
fluid was lost to the transverse direction.
The momentum flux of the jet, for all the screens, underwent a “step” change between 0.7 < x/H  
<1.3 and downstream of this point there was no further significant loss o f momentum. For the 
least porous screen investigated (p = 0.4) the interaction with the screen resulted in the entire 
momentum flux of the jet being lost by x/H  =1.3 , meaning in effect that this screen produced the 
same drag as a solid wall. A proportion of the fluid had, nevertheless penetrated through the 
screen before being turned to flow in the transverse direction. Loss coefficients for the screens, 
based on the momentum flux downstream of the screens, were calculated and could be used to 
estimate the behaviour of jets impinging on screens of intermediate porosity.
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3. THE EFFECT OF SCREEN POROSITY AND MULTIPLE SCREENS 
ON JET IMPINGEMENT - FLOW VISUALISATION
3.1 Introduction
The velocity measurements of a plane jet impinging on porous screens presented in the previous 
section suggested that different flow structures form, depending on the porosity o f the screen. It 
appeared that, for high porosity screens, the entire jet axial volume flow penetrated through the 
screen, with the screens influence resulting in a widening of the jet. For low porosity screens, 
however, the jet was turned by the screen to give a flow similar to a wall jet, on both the upstream 
and downstream sides of the screen, travelling normal to the initial direction o f the jet. In addition 
there was also an intermediate structure between these extremes, with the flow carrying on 
downstream but with a significant transverse component of velocity. The representation of the 
streamlines for this intermediate structure suggested that a recirculation region formed at the edge 
of the jet upstream of the screen for this case.
In order to relate the work carried out with the plane (100:1 outlet aspect ratio) jet to the earlier 
work with a rectangular (6:1  outlet aspect ratio) jet a comparison of the flow structures produced 
by the two jets was required. To achieve this a piece o f apparatus was devised that would allow 
the rectangular jet to be directed at the screens for which velocity measurement of the plane jet 
was performed. The resulting flow was recorded using flow visualisation and compared with the 
representation of the streamlines obtained from the velocity measurements (figures 2.19 - 2.23).
3.1.1 Method to predict je t  behaviour
The results of the velocity measurement o f the plane jet impinging on single porous screens also 
allows a limited method to predict the behaviour of jets impinging on arrays of porous screens to 
be devised. The proposed method is based on the premise that individual screens within the array 
will have the same effect on the jets integral properties as a screen in isolation. The behaviour of 
the jet through the array can then be obtained from the change in the integral properties o f the jet 
across each individual screen within the array.
It was shown in the previous section that the loss of momentum flux across single screens could 
be described by a momentum loss coefficient equal to the change in momentum flux across the 
screen normalised by the upstream momentum flux. This change in the momentum flux occurred 
between 0.7 < x/H  < 1.3, where x  is the distance from the outlet and i f  is the distance between the 
outlet and the screen. The momentum downstream of any screen can therefore be estimated 
provided the upstream momentum flux and the momentum loss coefficient for that screen are 
known. This method could be extended to obtain the momentum flux through an array o f screens 
by applying the loss coefficient to obtain the momentum flux after each subsequent screen 
interaction.
In figure 2.10 the behaviour of the axial volume flow downstream of the screens was represented, 
arbitrarily, by a straight line fitted through the experimental data. These lines all coincided with 
the curve for the axial volume flow of the free jet at x/H  ~ 0.9. Figure 3.1 shows how the slope of 
these lines (defined as the volume flow coefficient, Cv) vary with porosity and that Cv is nearly 
zero for screens in the range 0.57 <p < 0.65, indicating that conservation of axial flow across and 
downstream of these screens would be a reasonable assumption. Making a further assumption that 
this behaviour will extend to subsequent screen interactions, arrays made up from screens within
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this range of porosity would be expected to have conservation of axial volume flow throughout.
The resulting description of a jet flow through arrays of screens with 0.57 < p  <0.65 can be 
expressed as:
M(n) = M 0( 1 -  C m f  3.1
for the momentum flux and
Q(n) = g ( 0) 3.2
for the axial volume flow, where M(n) is the momentum flux downstream of the nth screen, M a is 
the outlet momentum flux, Cm is the momentum loss coefficient for the screens within the array, 
Q(n) is the axial volume flow downstream of the n,h screen and <9(0) is the axial volume flow at 
position x/H=  0.9 prior to the first screen within the array. The value of Q(0) could be obtained 
from the expression for the behaviour of the free jet or from measurements of the free jet.
It should be pointed out that a modification of equation 3.2, to give the axial volume flow as a 
function of the distance downstream, based on the volume flow coefficients given in figure 3.1 
would have allowed the method to be applied to a wider range of screen porosities. For example, 
the behaviour of a jet downstream of a single screen could be obtained from the expression:
Q
/ \ 
X = -^-(0.9) + Cv
( \ 
— -  0.9
Qo [ h ) e 0 ; [ h  J
It will be shown in section 3.1.2 that limiting the method to the range of screen porosities satisfied 
by equation 3.2 gives a convenient simplification to the expression for the jet width throughout 
a screen array. To apply and test the method for a wider range of screen porosities, using equation 
3.3, would require more information than could be supplied from this visualisation technique.
3.1.2 Testing o f method
The only jet property that may be quantified from the flow visualisations is the overall jet width. 
In order to verify the method described above using the flow visualisation results it was therefore 
necessary to relate the jet width to the integral properties of the jet. This is achieved by utilising 
the similarity profile for the jet, which was shown in section 2 to be, in general, well represented 
by the Gaussian:
TT -0 .6 9 3
f  - e  W  3 .4
m
upstream and downstream of all the screens. The axial volume flux and the momentum integral 
can be expressed in terms of the similarity profile as:
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Substituting equation 3.4 into these expressions, integrating acrossy/b  = ± 2.5 and rearranging 
to obtain the velocity and length scales in terms of the axial volume flow and the momentum flux 
results in:
O 2b « 3 .7
M
and
U_ 0.71 M  
P Q
3.8
The expression for the jet width (equation 3.7) was used to partially test the model by obtaining 
the jet width downstream of an array of screens in terms of the width downstream of a single 
reference screen:
M . Qt
b = b r - T  —  39
M ' a 2
where subscripts r denotes conditions downstream of a single reference screen and t denotes 
conditions downstream of a test case. By equation 3.2, Q, = Qr and substituting equation 3.1 into 
equation 3.9 gives:
(1 -  Cm )
b, = br 1 -------------±  3.10
f r (1 -  Cm)n
where the test array is made up of n screens all of equal porosity with a loss coefficient of Cm,.
3.2 Materials and Method
3.2.1 The Jet Rig
A jet rig was designed and constructed at Silsoe Research Institute specifically for the purpose 
of obtaining flow visualisation results for a jet impinging on porous structures (figure 3.2). A
rectangular, rather than a plane jet, was used, to give closer similarity to the non-planar jets 
commonly used on orchard sprayers. A comparison would then be possible with the results for 
a plane jet, obtained at the University of Surrey (section 2), to determine if similar flows 
developed for the jets produced by these two classes of outlet.
The jet was produced by two 80W cross flow fans arranged in parallel to produce a jet of air 
through a 600 mm high by 100 mm wide outlet. Additional ducts were added to the outlet of 
these fans, consisting of a straight sided, two dimensional contraction from 230 mm to 100 mm 
over 200 mm, followed by a parallel walled channel 200 mm long, from which the jet exhausted. 
The fans were surrounded by a cowling, 630 mm high by 1000 mm wide by 700 mm deep, open 
at the back to allow air to be drawn into the fan inlets. This cowling was intended to minimise any 
affects due to air from the jet recirculating back into the fan inlets. Downstream of the outlet the 
jet was confined to spread in the transverse (y) direction by walls extending 1500 mm downstream 
and 750 mm either side of the jet centre-line. The upper wall was of plexiglass to allow the jet 
flow to be viewed from above and the lower wall was of black plywood to give good contrast to 
the white smoke being used for visualisation. The arrangement of the jet, with the long axis of the 
jet aligned vertically, was selected as it prevented the screens from sagging under their own 
weight, and also allowed good access for lighting and cameras. The screens used in these 
experiments were the same as those used in the plane jet experiments and again were located 
normal to the jet centre-line, 500 mm downstream from the outlet.
3.2.2 Instrumentation
Two methods were used to record the flow patterns produced by the different screens. An 
indication of the overall boundary of the jet was obtained by feeding smoke through the fans and 
talcing black and white photographs with a 35 mm camera. In addition the direction of the flow, 
at the mid point between the constraining walls, was obtained by placing smoke tracers at 100 mm 
intervals across the flow area and viewing from above with a Hi8 video camera connected to a 
monitor. The direction the flow took at each point was estimated by averaging “by eye” the path 
the smoke took away from the smoke wand. The pictures obtained by these two methods were 
scanned, and then combined using a graphics package, to give an overall picture of the flow 
produced by each screen.
In all the visualisations the flow was lit by two 2 kW lights, one at either side of the rig, which 
were set to full flood and with gates shut down to give a narrow beam illuminating a horizontal 
slice of the flow approximately 200 mm high, across the mid point between the constraining walls. 
To maximise the contrast obtained the visualisations were carried out in darkness.
The outlet velocity of the jet was measured using the LDA system described in section 2.2.2, with 
the exception that a 160 mm front lens was used giving a measurement volume of 0.077 mm 
round by 0.651 mm long. The probe was positioned so that the long axis of the measurement 
volume was aligned with the ^ -direction. Seeding smoke was introduced through the fans and a 
traverse was made across the ^ -direction at x = 1 mm, z = 300 mm.
3.3 Results
The outlet velocity profiles (figure 3.3) show that, across the central 80% of the jet the velocity 
was constant, U — 12.2 ms'1, a  = 1.2 ms'1. This gives a Reynolds number, based on the outlet 
width, of 94,000 and an outlet turbulence intensity of 10%.
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The visualisations for the four single screens are shown in figures 3.4 - 3.7. In all cases similar 
behaviour is displayed close to the outlet, however, very different flow patterns are produced 
downstream of the screen as the porosity of the screen changes. The high porosity screens allow 
the jet to penetrate through the screen with no axial volume flow being transferred to the 
transverse direction and with the jet maintaining virtually constant width after widening at the 
screen. In contrast, the low porosity screen appears to bring about a complete halt in the axial 
flow downstream of the screen, and indeed a flow in the opposite direction to the original flow, 
beyond x = 700 mm. The flow produced by thep  = 0.5 screen is intermediate between these two 
extremes and continues on in the axial direction downstream of the screen but also retains a 
significant transverse component of velocity downstream of the screen. The visualisation for this 
screen also shows recirculations forming, centred on the points x ~ 450 mm, y  ~ ±400 mm. The 
positions are estimated in the knowledge that the arrows are located on a grid at 100 mm 
intervals.
Flow patterns produced with combinations ofp  = 0.65 andp  = 0.57 screens, placed consecutively 
across the jet are shown in figures 3.8 - 3.13. In all cases the jet penetrates through the screen 
with no axial volume flow being transferred to the transverse direction. In the cases where the 
screens are positioned close together, separation = 25 mm, there is some evidence of 
recirculations forming centred onx « 450 mm, y  « ±300 mm, similar to those obtained for the 
single p  = 0.5 screen. The downstream pattern is, however, much more similar to that obtained 
for the single, high porosity screens.
An estimate of the overall width, w, of the jet was made from the flow visualisations and is shown 
in table 3.1. This width is an estimate of the distance from the centre line to the point where there 
starts to be a significant transverse component of velocity into the jet. This differs from the jet 
width, b, defined for the velocity measurements but the two should be linearly related. It is 
therefore possible to substitute the width, w, for b in equation 3.9. These widths are accurate to 
±50 mm, due to the resolution of the grid, on which the flow visualisation was based. No widths 
were obtained for the y? = 0.5 and p  = 0.41 cases, as downstream of these screens the flow 
continued to diverge across the entire area being viewed.
3.4 Discussion
The pattern of the flow observed in the flow visualisations of the rectangular jet impinging onto 
single screens could, in general, be reconciled with the velocity measurements obtained for the 
plane jet impinging onto the same screens. Comparing the visualisations (figures 3.4 - 3.7) with 
the representation of the streamlines obtained from the velocity measurements (figures 2.20 - 
2.23) shows that the direction of the flow indicated by the arrows agrees well with the orientation 
of the streamlines. This suggests that the behaviour of the rectangular jet is similar to the 
behaviour of the plane jet.
The flow reversal downstream of the p  = 0.4 screen was a rather curious result. This would imply 
that the drag on that screen was greater than the drag which would be experienced by a solid wall. 
It should be remembered that the arrows shown in the flow visualisations represent the direction 
only and not the magnitude of the velocity. These negative velocities, as shown by the value of 
the jet momentum flux far downstream of they? = 0.41 screen in figure 2.11, were in fact of low 
magnitude. The small negative momentum flux associated with these velocities is probably 
balanced by the positive stream-wise velocities observed upstream in the entrainment region for 
this screen.
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Screen 1 Screen 2
w (mm)P //(mm) P //(mm) positioning
0.65 500 - - - 250
0.57 500 - - - 350
0.50 500 - - - -
0.41 500 - - - -
0.65 500 0.65 525 staggered 500
0,65 500 0.65 525 aligned 450
0.65 500 0.65 550 - 450
0.65 500 0.65 700 - 450
0.65 500 0.65 900 - 450
0.65 500 0.57 700 - 600
Table 3.1 Screen arrangement and downstream widths for all visualisations.
Of particular importance to the method of modelling the behaviour of jets through porous screens 
is the constant width of the jet downstream of the p  = 0.65 and p  = 0.57 screens. This agrees with 
the behaviour of the jet width obtained from the velocity measurements (figure 2.8) and reinforces 
the finding that there is constant axial volume flow downstream of these screens. There does 
appear to be some entrainment flow into the jet downstream of these screens but, as for the 
reverse flow downstream of the p  = 0.41 screen, the magnitude of these velocities is probably 
small.
For the jets impinging on arrays of screens, the width of the jet produced downstream was found, 
with the exception of the closest spacing, to be insensitive to the separation between the two 
screens. Figures 3.8 - 3.12 show the jet impinging on two p  = 0.65 screens with separations 
ranging from 25 mm up to 400 mm (1.05 £ x/H  < 1.8). For the closest separation the effect of 
changing the lateral position of the screens relative to one another was examined. This suggested 
that the jet width was increased when a hole in the first layer was aligned with a screen element 
in the second layer, compared to having the holes in subsequent layers exactly aligned. The case 
with the holes aligned gave a similar width to that obtained for the same screens at greater 
separations. For screens of greater separation no attempt was made to obtain any particular 
alignment because the discreet jets formed through individual holes in the screen will have merged 
before they reach the second screen.
The insensitivity of the resulting jet, to the separation of the screens, was somewhat unexpected. 
The measurements of the plane jet had shown the change in flow properties across the screen 
occurring between 0.7 < x/H <, 1.3 so it was felt that a screen separation of at least 0.377 would 
be required to ensure no interference between the screens. Indeed, the flow visualisations shown 
in figures 3 .8 -3 .10  and figure 3.13 indicate that there is some interference between screens, in 
that the pattern of the flow at the first screen is affected by the presence of the second screen
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when compared to the single screen case (figure 3.4). The resulting jet downstream of the second 
screen does, however, appear to be unaffected by this interference. As a result the model may 
have wider applicability, in terms of screen separation, than was expected from the velocity 
measurements. The limit on interference between screens is probably more related to the 
separation relative to the repeating length of the screen (in this case the pitch of the holes), rather 
than relative to the distance from the outlet to the wail. The results suggest that for separations 
greater than four repeating length scales, the downstream width is unaffected by the separation.
Using equation 3.9, with the single p  = 0.65 screen as the reference case and the values of the 
momentum loss coefficients obtained from the velocity measurements (figure 2.13, Cm = 0.50 for 
the/? = 0.65 screen and Cm = 0.62 for the/? = 0.57 screen), the width of the jet downstream of 
the double screens can be predicted. For two successive p  -  0.65 screens the predicted width, 
w, is 500±100 mm, and 660±130 mm for a p  = 0.65 screen followed by ap  = 0.57 screen (note 
that the denominator of equation 3.9 must be modified for this case to account for the screens 
having different porosities). The errors are based on increasing the ±50 mm error for the reference 
width by the same factor as the width itself. The values obtained from the visualisations (table 3.1) 
for the jet widths downstream of the double screens are all within the range given by these 
predictions.
3.5 Conclusions
Flow visualisations of a rectangular jet impinging on the screens used in the plane jet investigation 
reported in section 2 have shown that the flow patterns produced are the same as for the plane 
jet. This suggests that any method for predicting the behaviour of plane jets directed through 
porous screens could also be extended to the behaviour of rectangular jets.
A method to predict the behaviour of a jet impinging on two successive screens was devised for 
screens with 0.57 < p  <, 0.65. The visualisations for this arrangement gave results which 
supported this method. Within the accuracy of the visualisation technique the jet width agreed 
with the predictions. This agreement held for screen separations in the range 1.1 ^ x/H  <1.8.
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Figure 3.2 Apparatus for visualisation of a rectangular jet impinging on porous structures
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Figure 3.5 Jet impinging on singlep  = 0.57 screen at x = 500 mm
Jet impinging on singlep  = 0.65 screen at x  = 500 mm
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Figure 3.6 Jet impinging on singlep  = 0.50 screen at x = 500 mm
Figure 3.7 Jet impinging on singlep  = 0.41 screen at x = 500 mm
6 8
Figure 3.8 Jet impinging on double p  = 0.65 screen at x = 500 mm and x = 525 mm with 
the holes staggered
Figure 3.9 Jet impinging on doublep  = 0.65 screen at x  = 500 mm and x = 525 mm with 
the holes aligned
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Figure 3.10 Jet impinging on doublep  = 0.65 screen at x = 500 mm and x = 550 mm
Figure 3.11 Jet impinging on doublep  = 0.65 screen at x = 500 mm and x = 700 mm
70
Figure 3.13 Jet impinging on singlep  = 0.65 screen at x = 500 mm and singlep  = 0.57 
screen at x = 700 mm
Figure 3.12 Jet impinging on doublep -  0.65 screen at x = 500 mm and x = 900 mm
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4. SURVEY OF GROWERS
4.1 Introduction
There is a good deal of hearsay evidence about the reasons for growers preferring to use air 
assisted sprayers of the axial fan design; commonly given explanations being their flexibility and 
reliability. This preference is felt to have persisted despite a gradual shift in cultural practices from 
large standard trees to trees on dwarfing rootstocks that are more akin to a “hedgerow” 
(Wagenmakers, 1991) and which might be thought to be more suited to spray application with 
better targeted sprayers, such as those based on cross flow fans or on the tunnel concept (Cross 
and Walklate, 1996, Footit, 1997).
A previous study, conducted over a decade ago, (Cross, 1986) gave figures on the growing 
systems and the type of sprayers and methods of operation being used but did not give any 
correlations between growing systems and operational methods. The trend towards more dwarfing 
rootstocks could be seen then. These changes in growing systems have been accompanied by 
changes in spray application methods that have been termed alternatively as low volume (Cross 
and Walklate, 1996, Alford and Upstone, 1980) or reduced volume (BCPC, 1992) application. 
In short, these methods involve the use of smaller droplet sizes so that adequate coverage of the 
target plant can be achieved with a lower liquid volume application rate. This is in contrast to the 
more traditional method of spraying at application rates that would ensure drenching of the target 
plant to the point of run off. In addition to varying the volume application rate of liquid, the 
grower may also have some control over the air flow rate produced by the sprayer. Recent 
guidelines issued for the operation of air assisted orchard sprayers (BCPC, 1992, Hardi, 1993) 
have highlighted the need to restrict the air flow so that it carries the spray through the canopy 
but no further and to ensure that it is directed to but not beyond the tops of the trees. Little 
information has been found on whether or not growers actually do tailor the air flow to specific 
crops.
This survey was initiated in light of the lack of figures from other sources on the growing systems, 
spray machinery and operational practices being used in UK orchards. This information would 
allow a strategy for improving application methods to be developed.
4.2 Methodology
Due to cost and time limitations sampling of the entire population of UK orchard growers would 
not be possible. The following discussion describes the scope and development of, and the reasons 
behind using a postal questionnaire.
4.2.1 Choice o f geographical area fo r  the survey
It was decided to limit the survey to the growers in Kent as this is the county with the majority 
of the UK apple and pear acreage (Vaughan and Crane, 1996), accounting for over 40% of the 
total area of orchards within England and Wales. The total area of apples and pears is around 22.5 
thousand hectares, based on the figure for the 1994/95 season (MAFF, 1996). Combining the 
figures from the two reports quoted above, it was estimated that around 60% of this area was 
within Kent. Limiting the survey to this county would, therefore, make selection of the growers 
simpler whilst still enabling a significant proportion of the total area of England and Wales to be 
covered.
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4.2.2 Sampling frame
A list of growers in Kent was drawn up by combining growers listed in the Yellow Pages with a 
list obtained from Jerry Cross of HRI East Mailing. This gave a total of 100 growers. It was 
decide to target 25% of these growers, with the selected growers having a similar geographical 
distribution to the total population. This sampling was implemented by dividing the region into 
10 1cm squares and taking 25% of the population from each square. In cases where the number 
of growers required by this method was non-integer, the sample number was rounded up or down 
so that the overall sample still equalled 25% of the total population.
4.2.3 Choice o f  postal survey
A postal survey was selected for the ease with which a reasonable population of growers could 
be contacted, relatively cheaply. It was felt that this would allow growers to complete the 
questionnaires at their leisure when they had the relevant information available to them, rather 
than trying to obtain a large amount of data over the telephone.
4.2.4 Development o f questionnaire
The original brief for gathering information on pest control in orchards was given in section 5 of 
the 18 month report (Cant, 1996a) and it identified the following questions as being of particular 
interest:
1. What is the range of crop structures within orchards?
2. What machinery is in use and how old is it?
3. How frequently are sprayers calibrated?
4. What procedure is used in calibration?
5. How frequently is pesticide application made?
6. What factors are taken into account in deciding the frequency of application?
7. What are the sources of information on pest control?
8. Which sources of information are most trusted?
From a review of the literature it was found that there was no significant source of information 
on any of these points. A draft of a questionnaire which would seek answers to these questions 
was therefore prepared (appendix 1 of Cant, 1996b) and given to Jerry Cross of Horticultural 
Research International for review. This draft questionnaire contained questions relating to apples, 
pears, cherries and plums and the respective areas and growing systems for each of these crops. 
In addition there were supplementary questions aimed at answering questions 2 - 8  above. From 
discussion (Cross, 1998) it became clear that the draft questionnaire was too detailed and sought 
information on too many topics. As a result it was decided that a revised questionnaire would be 
prepared which would concentrate on apples and pears and the issues that were more closely 
related to the areas of technical research being carried out by the author. The focus thus shifted 
towards the machinery, with questions such as; what type of sprayer and sprayer settings are being 
used, what parameters can be varied on the sprayer, what growing systems are the sprayers used 
on, and how old is the sprayer and when is it likely to be replaced? This revised questionnaire is 
given in appendix 1 of the 42 month report (Cant 1998).
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4.2.5 Timescales
Due to the seasonal fluctuations on the workload of orchard growers it was felt that the best time 
for sending out the questionnaire would be after the end of the harvesting and marketing period 
but before the new seasons spray programme commenced in the Spring. The marketing patterns 
given in “Basic Horticultural Statistics for the UK” (MAFF, 1996) show that the quantity of fruit 
to market peaks in December and then tails off after March or April. The start of the spray 
programmes will be weather dependent but would normally occur sometime around March. A 
compromise date, late February, was therefore selected for sending out the questionnaire. The 
table below shows the sending out dates and deadlines for the questionnaire.
Task actioned reply deadline
first issue of questionnaire 20/2/98 6/3/98
postal reminder 10/3/98 20/3/98
final telephone reminder 17/3/98 27/3/98
Table 4.1 Send out dates and deadlines for questionnaire.
4.3 Response and Results
Of the 25 questionnaires sent out valid replies were received from 19 giving a response rate of 
76%. The total area of pear and apple orchards of the holdings that replied to the questionnaire 
was 1,501 hectares. Provisional data for the 1997/98 season (MAFF, 1998) give a figure of 
20,247 hectares for the total area of apples and pears in England and Wales. The questionnaire 
therefore covers 7% of the total area of apple and pear orchards within England and Wales.
Within the 19 holdings that responded to the questionnaire there were a total of 36 orchard 
sprayers. Of these 36 sprayers, the vast majority (33) were of the basic axial fan design with the 
others being axial fan plus ducts sprayers (2) and a single tower sprayer. A mix of nozzle types 
was reported with some sprayers having more than one type of nozzle fitted, probably in 
situations where the sprayer had “twist over” nozzles fitted. Hollow cone nozzles were the most 
popular, being fitted to 72% of the machines. Flat fan and rotary atomisers were the next most 
common, being fitted to 28% and 25% of machines respectively. A single sprayer (representing 
3% of the sample) was fitted with air shear nozzles.
The distribution of the different growing systems is shown in figure 4.1. As expected, the majority 
of the orchard area was planted using growing systems that restrict the size of the trees. A 
significant proportion of the area (18%) is, however, still planted with the more traditional 
standard or half standard trees. The move towards more dwarfing rootstocks is reflected in the 
type of trees making up the orchard area that has been planted in the last two years, the entire area 
being planted in systems that will utilise either dwarf or semi dwarfing rootstocks. The reduction 
in height, between the traditional system of standard trees and trees grafted onto modem dwarfing 
rootstocks, is reflected in figure 4.2, which shows the average height achieved by the trees in each 
growing system. In this graph the error bars indicate the range in the responses. For example, the 
average height of the standard trees was 4.05 m, with a maximum height within the sample of 6.1 
m and a minimum height of 2 m. This method of presenting the data was selected as the small
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number of samples in some cases made the calculation of standard errors impractical. How trees 
of different heights are distributed within the orchard area is shown in figure 4.3. This indicates 
that the majority (86%) of the orchards have an average height of between 2 and 4 m, with 53% 
being in the 2 - 2.99 m band and 33% being in the 3 - 3.99 m band. There is, however, still a 
significant proportion of orchards with smaller or much larger trees.
How the settings of the sprayer were varied according to the growing system is shown in table 
4.1. In addition to the data used in calculating the values in table 4.1, some respondents added 
written comments to explain what criteria they based the sprayer settings on. These comments are 
contained in appendix 4A section 1. Further information on the features of the sprayers available 
to help the user set up the machine is shown in figure 4.4. For each feature the percentage of 
sprayers that have that feature is given, together with the percentage of the total sprayers in which 
the feature is actually used. This means, for example, that the application rate control feature is 
used on all of the sprayers to which it is fitted.
growing system  
(size o f  sample)
pressure
(bar)
sprayer speed  
(kmph)
dose
( %  o f  r e c o m m e n d e d )
application rate 
(1/ha)
avg m in m ax avg m in max avg m in m ax avg m in max
standard trees (2) 16 10 20 6.4 4.8 9.7 74 33 100 463 56 1123
Zi standard trees (5) 11 6 35 6 . 8 4.8 9 51 25 100 209 56 562
sem i dwarf trees (14) 7 1 35 6 . 8 4.8 9 58 25 100 208 56 562
dwarf trees (15) 8 1 35 7.2 4.8 9 55 25 100 154 56 502
multi-row beds (13) 7 1 35 7.5 4.8 9 53 25 100 140 56 502
Table 4.2 Variation of sprayer settings according to growing system.
The age of the sprayers is shown in figure 4.5, with the data being broken down into 5 year age 
bands. In response to the questions about the likely replacement of the sprayers a certain amount 
of uncertainty was indicated on the part of growers. Figure 4.6 shows that, of the 36 sprayers in 
use by the growers, there was no fixed replacement date for 25 (69%) of these. Those sprayers 
which were scheduled for replacement were all to be renewed within the next five years. This 
uncertainty over the replacement of the sprayers was further reflected in the views expressed over 
the likely type of replacement. In 23 cases (64%) growers did not know what type of machine 
they would replace their sprayers with, however in 13 cases (36%) the growers stated that they 
were likely to replace their existing machine with a similar sprayer when the time came. In all the 
cases where growers said they were going to replace their existing machines with a similar model 
the current machine they were using was of the basic axial type. Some insight into the reasoning 
behind the choice of replacement is given by the quotes relating to this subject from the 
questionnaire, contained in sections 2 to 4 of appendix 4A.
4.4 Discussion
The results of the survey confirmed the axial fan type orchard sprayer as the most popular with 
UK orchard growers. All the sprayers covered by the questionnaire were of the basic axial type, 
or a variation on this. Some indication of the reasons for this preference is given by the comments 
added to the questionnaire by some of the growers (appendix 4 A, section 3), which suggest that
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it is the axial fan sprayer’s flexibility and reliability that make it so popular. The type of nozzles 
fitted to the sprayers was also consistent with the view that hollow cone nozzles are the most 
common (BCPC, 1992), these being fitted to 72% of the orchard sprayers surveyed. The reason 
for the popularity of this type of nozzle is believed to be partly historical, in that it had good 
reliability even when producing a fine spray at high volume rates and with abrasive suspensions, 
as used to be the norm in orchard spraying. The rotary atomisers and air shear nozzles, fitted to 
28% and 25% of the sprayers respectively, are both marketed as a technology to control spray 
drift, by eliminating the very fine component of the droplet size spectrum (Cross and Walklate, 
1996). The survey did not obtain any information on why growers selected a particular nozzle 
type. As a result it is only possible to speculate that this may be for environmental reasons or for 
the improved control that these may give.
The data for the growing systems of the orchards verified the established view that modern 
orchards are tending to use dwarfing rootstocks in more intensive growing systems 
(Wagenmakers, 1991). However a significant proportion of the orchard area was still planted with 
standard or half standard trees, which is one explanation for why growers prefer flexible spray 
equipment. If a grower has a mix of tree types ranging in height from standard trees six metres 
high down to trees on dwarfing rootstocks below two metres, a tunnel sprayer or cross flow 
sprayer would be unacceptable, as it would be impossible to spray the entire range of tree types 
with one sprayer. Nonetheless, there could be scope for these technologies in the future if the 
trend towards smaller trees continues. Gaining acceptance will then depend on the economics and 
the resistance to change within the industry. According to an analysis carried out for the 
Department of the Environment (Footit, 1997), adoption of tunnel sprayers is unlikely because 
of the high capital cost, in addition to the problems caused by the existing husbandry practices.
In general the variation in the settings of the sprayer between growing systems was not large. The 
pressure tended to be greater for the larger trees, which is reflected in the tendency towards 
higher volume application rates in this case. The sprayer speed had a consistent average of around 
7 kph for all the growing systems and a range from 5 up to 9 kph. This finding is similar to that 
in a survey by Cross (1986) which gave values of 4.37 mph (~7 kph) as the average sprayer speed 
and a range from 3 to 5.6 mph (~5 to 9 kph). For all the orchard types it is clear that growers are 
using their discretion to reduce the spray dosage below that recommended by the spray 
manufacturers. The dosages used varied from 100% down to 25% with an average around 55%. 
This practice has developed in recent years in light of the changing cultural practices and the 
switch to low volume spray application techniques (Alford and Upstone, 1980), where the use of 
smaller droplet sizes gives better coverage of the target thus allowing the dose to be reduced. The 
final sprayer setting dealt with in table 4.1 verifies the universal adoption of low volume 
application techniques (that is application rates from 200 - 500 1/ha). Only in the large standard 
tree orchards (accounting for approximately 7% of the total area) were volume applications above 
5601/ha still being made. Comparison with Cross’s survey, where 20% of the applications were 
above 560 1/ha, suggests that the use of high volume application techniques has declined during 
the last 12 years.
The occurrence of sprayers with selected calibration aids and the use of these features is evidence 
that growers are making some attempts to tailor there spray applications to given circumstances. 
Varying the air volume flow is a control feature that has been long been recognised by those who 
develop orchard sprayers (see e.g. Randall, 1971 and BCPC, 1992) as a parameter that can have 
a great effect on how well the spray penetrates the target plant. Figure 4.4 suggests that this 
message is getting through, with 50% of growers claiming to use the variable air volume feature
76
on their sprayer. An even more commonly used feature is switchable nozzles that allow growers 
to quickly change application rates by going from a nozzle giving a low flow rate to one that will 
produce a high flow rate, for a given pressure. The relative convenience of this technology 
probably explains why it is so commonly- used. Application rate control is a more expensive 
technology that provides the grower with a means of controlling the volume application rate 
automatically by computer. The high cost of this equipment and the reduction in calibration 
required by the grower explains, respectively, why a lower number of growers have adopted this 
technique and why all the growers who have invested in this technology use it.
The final question to be answered by this survey was the age of orchard sprayers currently in use 
in UK orchards and when these are likely to be replaced. The results (figures 4.5 and 4.6) showed 
that orchard sprayers are not replaced very frequently. The distribution of the sprayer age showed 
that it is not uncommon for sprayers to still be in use up to and beyond 20 years of service. A 
large proportion of the growers were unsure when they were going to replace their sprayers. 
Those that did know were all planning replacement within 5 years. Studying the figures for the 
age of the sprayers scheduled for replacement showed that, with two exceptions, they would all 
be more than ten years old when they were replaced. Some of the comments added to the 
questionnaires (appendix 4A, sections 2 to 4) suggested that this slow turnover of machinery was 
due to a combination of financial constraints and the general satisfaction with the performance of 
the sprayers already in use.
The results overall allow for some conclusions to be drawn on the scope for improvements to the 
method of spray application within UK orchards. In light of the slow turnover in orchard spraying 
equipment the only short term way to obtain improved application would be to change how 
growers operate the machinery-which they are already using. This is the philosophy of the current 
research being carried jointly between Silsoe Research Institute and Horticulture Research 
International (MAFF project PA1710). In the longer term new technologies might be able to bring 
about further improvements but it appears unlikely that equipment, such as tunnel sprayers, will 
ever gain acceptance until they are on a par with axial fan orchard sprayers, in terms of cost and 
operational flexibility.
4.5 Conclusions
This survey of orchard growers, covering 7% of the total UK apple and pear area, has provided 
evidence to back up views held within the industry. It has shown the continued trend towards 
more intensive planting systems using dwarfing rootstocks and the adoption of low volume spray 
applications that are particularly suited to these systems. The axial fan air assisted orchard sprayer 
was found to be almost ubiquitous within UK orchards, with the exception of a few machines that 
were a variation on the axial fan design. These sprayers were found to have a long service life and 
this has led to the conclusion that the most promising method to improve performance of orchard 
sprayers is to devise better ways of using the spray equipment that is already available to the 
growers. These improvements could be through initiatives that would, for example, increase the 
number of growers who tailor the volume air flow delivered by their orchard sprayer to a 
particular circumstance.
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5. GENERAL DISCUSSION AND CONCLUSIONS
The original specific objective of this project was to link the level of spray drift produced by 
orchard sprayers to the configuration of the plant canopy and the properties of the sprayer’s air 
jet. As work progressed it became clear that this objective was too broad. Developing a 
theoretical framework for the behaviour of air jets travelling through porous obstacles was 
therefore chosen as a more focussed objective that could contribute to the overall objective in the 
longer term if further work is conducted. In addition to the technical research, a study on the 
spraying practices used in UK orchards was also conducted, to determine what opportunities 
existed for making improvements in the way pesticides are applied in this setting.
This section will draw together the work described in the previous sections of this report, and also 
work documented in other reports included in this portfolio. In doing so it will show how this has 
satisfied the objectives of the project as outlined above and also how this has made a contribution 
to knowledge, as required by the EngD regulations. Further discussion will show how this work 
fits in with previous research in the field of orchard spraying and what further work would be 
necessary to make it more directly applicable to this application.
5.1 Jet Penetration Through Porous Structures
The starting point for this project was an experiment following on from previous studies of jet 
penetration through plant like structures carried out at Silsoe Research Institute. The original 
purpose of this experiment was to provide data for comparison with a model for two dimensional 
jet penetration through plant canopies proposed by Walklate et al (1996). However the results of 
this work led on to alternative ideas on the best way to characterise the behaviour of air jets 
through porous structures, such as plant canopies. Rather than attempt to find a solution of the 
conservation equations for the jet flow, through modelling of the momentum and turbulent kinetic 
energy terms, it was decided to concentrate on the integral properties of mean velocity momentum 
flux and axial volumetric flow. Detailed studies of how these properties varied for a plane jet 
penetrating through a range of porous screens led on to ideas for how the behaviour of air jets 
travelling through more complex porous obstacles could be predicted. These ideas were partially 
tested by a flow visualisation study of jets flowing through porous obstacles made up of two 
consecutive screens of porous material, and by comparison with the early experiments on jet flow 
through plant like structures and similar previous studies.
Rather than going through the separate sections of this report in chronological order, this 
discussion will build up the theoretical framework, from the simplest porous obstacle examined 
through to more complex (but still regular) porous obstacles. Suggestions for how this could be 
extended further, to highly randomised structures like plant canopies, will be saved for section 5.2, 
where the findings will be put into context with the orchard sprayer application.
5.1.1 Method ofpredicting je t flow  through porous structures
The foundation on which the method of predicting jet flows through plant canopies is based is the 
behaviour o f a plane air jet flowing through a single porous screen held normal to the jet axis. 
Detailed measurements (section 2) and flow visualisations (section 3) showed how the flow 
pattern produced by the screen was affected by the screen porosity and the affect this changing 
flow pattern had on the properties of the jet.
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It was found that, as was expected, the momentum flux of the jet was reduced by the interaction 
with the screen, due to the drag force exerted on the jet by the screen. The values of downstream 
momentum flux were used to calculate momentum loss coefficients, Cm, for each of the screens 
(shown in figure 2.13).
Before these experiments were carried out it was unclear how the axial volume flow of the jet 
would be affected by the interaction with the screen. It was expected that the entrainment rate 
would be affected in some way by the interaction with the screen and that a proportion of the 
volume flow could be deflected away from the axial direction. The results for the plane jet 
impinging on the single screen showed that in all cases, within the region where measurements 
were made, the variation of axial volume flow with position beyond the screen could be well 
represented by a straight line, intersecting the curve for the axial volume flow of the free jet at 
around x/H  = 0.9 (figure 2.10). The slope of this line is defined as the volume flow coefficient, 
Cv, for a particular screen porosity (figure 3.1). In all cases the axial volume flow downstream 
of the screen was lower than that for the free jet.
The final finding used in developing the method of predicting the behaviour o f air jets through 
porous structures was that at all sections of the jet, upstream and downstream of the screen, the 
normalised velocity profile remained well defined by a Gaussian curve. This Gaussian is the same 
as has been used to describe the velocity profile of free and impinging jets in previous studies. 
This, together with curves for the momentum loss coefficient and the volume flow coefficient, are 
the basis of the method of predicting the behaviour of a jet through screens of intermediate 
porosity and through more complex structures.
The details of the prediction method were described in section 3.1 and involves first estimating 
the downstream momentum flux and axial volume flow using Cm and Cv (as given, for example 
in figures 2.13 and 3.1 on pages 46 and 64). Having this information for the integral properties 
it is possible to obtain the peak velocity and the width of the jet profile, and indeed the velocity 
at any point on the jet profile, using the Gaussian description of the normalised velocity profile.
For a single screen, the method of calculating jet momentum flux downstream of the screen is 
analogous to the calculation of pressure drops across screens placed in a flow within a closed 
channel. This analogy does not extend to the calculation of the axial volume flow. For uniform 
flow through a porous screen there is no need for a volume flow coefficient; the confinement of 
the flow within the channel ensures that the axial volume flow remains constant through all cross 
sections of the channel (provided the flow is incompressible). The method proposed for the axial 
volume flow was, therefore, based purely on the empirical finding that a linear fit gave a good 
representation of the data points obtained downstream of the screen in the plane jet impingement 
experiment (section 2, figure 2.10, page 43). The downstream axial volume flow is obtained by 
first calculating the upstream volume flow (by measurement or using the equations for the 
behaviour of a free jet). The volume flow downstream of this point can then be obtained by 
projecting a line, with slope determined by the volume flow coefficient for that porosity, through 
the value of the upstream volume flow at x/H  =0.9.
Predicting the behaviour of jets through arrays of screens was achieved by an extension of the 
above method. It was assumed that subsequent screens in an array would have the same effect on 
the jet as a screen in isolation. The behaviour of the jet beyond succeeding screens could be found 
by applying the momentum loss coefficient and the volume flow coefficient across each screen. 
Details of the jet velocity variation across the profile could again be found using the Gaussian
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description of the normalised velocity profile.
Using this method, arrays constructed from screens of similar porosity would be predicted to have 
a linear decay (or growth) of jet axial volume flow throughout the array and, if the screens were 
evenly spaced, the decay of the jet momentum flux throughout the array would have exponential 
form, albeit stepped in nature between each screen. Arrays constructed from screens of dissimilar 
porosity would have changes in the slope of axial volume flow decay (or growth) through the 
array. It is envisaged, on the basis of the findings with a single screen, that this change in slope 
would only tend to produce faster rates of decay. Arrays where a high porosity screen was 
followed by a lower porosity screen would produce this effect. In the reverse case it is felt that 
the decay of axial volume flow through an initial low porosity screen would be maintained even 
beyond a subsequent interaction with a higher porosity screen. This would be consistent with the 
continued loss of axial volume flow downstream of single screens of intermediate porosity, as for 
thep  = 0.5 screen for which measurements were described in section 2.
5.1.2 Validation o f the method - (I) single screens
To check the generality of the method for predicting the behaviour of jets penetrating through 
single screens a comparison can be made between the results of the plane jet experiments, on 
which the method was based (section 2), and the earlier experiments with a rectangular jet 
impinging onto screens of differing structure (section 1). Detailed measurements of the jet velocity 
profiles upstream and downstream of the screens were made, for both cases, with a single 
component laser Doppler anemometer (LDA).
The momentum loss coefficient of the rectangular jet, for the two screens structures, showed 
some variation, which was attributed to the detail of the screen structure. For both the screen 
structures investigated, however, the momentum loss coefficients obtained were in agreement, to 
within ±10%, with the values obtained for the plane jet (table 5.1). Previous studies of porous 
screens placed across uniform flows showed that, for this type of flow, the pressure loss 
coefficient is affected by the method of construction of the screen. For example, a woven screen 
will have a larger loss coefficient if it is constructed from square wire rather than round wire (page 
316, Blevins 1984). It would seem logical that this finding would also apply to the momentum loss 
coefficient that has been defined for jets directed at porous screens. To quantify the behaviour of 
jets impinging on screens of differing construction to accuracy greater than that given above it 
would, therefore, be necessary to carry out further measurements to determine Cm for the 
particular screen of interest.
Values for the volume flow coefficient for the experiment with the rectangular jet were calculated 
for the two experiments as described in section 3.1, where Cv was defined as the rate of change 
of axial volume flow with axial position, given by:
d(Q/Qn)
Cv (H) = ■ - - -  ° 5 1
d(x!H)
The (H) has been introduced here to denote the normalisation of axial position by the distance 
from the outlet to the screen. These values had already been calculated for the plane jet 
impingement on the porous screens, as shown in figure 3.1. Columns 3 and 6 of table 5.1 clearly 
shows that there is a large disparity between the values obtained for similar porosities between
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the plane jet and the rectangular jet experiments (i.e. for p  = 0.4 the thin jet has Cv (H) o f -12.04 
compared with -1.73 for the rectangular jet/square structure screen). It was felt that this could be 
due to the choice of H  as the length scale used in defining the volume flow coefficient. In 
experiments with plane jets the growth of the jet is generally well defined by equation 2.2 (b/ba 
= K /x /b J  + Cj) with a coefficient, Kh of 0.1 (table 2.3). The width of the jet at the screen is, 
therefore, directly proportional to H  for all plane jet experiments. This is not the case for the 
rectangular jet as the screen is located much closer to outlet (approximately 5 outlet widths as 
opposed to 90 outlet widths for the plane jet experiment) and the growth rate differs from that 
of a free plane jet. Choosing an alternative length scale, namely the width of the jet just upstream 
of the screen, bu, in defining the volume flow coefficient, giving:
r  ,  d(Q/Qa)
Cv ( b j  = ----------- 5 2
“ d(x/bt)  32
leads to much better agreement between the values of the volume loss coefficient for the plane 
jet and the rectangular jet (columns 4 and 7 of table 5.1, i.e. for p  = 0.4 the thin jet has Cv (b j  of 
-1.32 compared with -1.57 for the rectangular jet/square structure screen). Again, it would be 
necessary to make measurement with a specific screen type if it was intended to use this method 
to give accurate prediction of the behaviour of air jets impinging on those screens. The similar 
behaviour of the rectangular jet does at least indicate that the same method could be used in this 
case.
Experiment
o'1! p  = 0.6
Cm Cv (H) C v(bJ Cm Cv (H) Cv (b j
plane jet, 
punched plate
1.00 -12.04 -1.32 0.58 -0.39 -0.04
rectangular jet, 
square structure
0.97 -1.73 -1.57 0.59 -0.17 -0.16
rectangular jet, 
strip structure
0.94 -1.30 -1.18 0.65 -0.07 -0.06
Table 5.1 coefficients obtained from different jet and screen configurations 
5.1.3 Validation o f the method - (II) multiple screens
As stated in section 5.1.1, the method of predicting the behaviour of a jet passing through an array 
of screens was based on the assumption that the interaction with each screen would be the same 
as the interaction with a screen in isolation. This assumption was tested by comparisons between 
the predictions and a number of studies of jets flowing through screen arrays. Flow visualisation 
(section 3) was used to obtain the jet width of a rectangular jet impinging on the screens used 
previously for the detailed measurement of the impinging plane jet. This was repeated for a single 
screen and for two successive screens over a range of separations. The measurement of a jet from 
a moving source penetrating through an array of screens, described in Cant (1996c), provided 
momentum flux data and axial volume flow data that could be compared with predictions. Finally, 
a previous study of an orchard sprayer air jet penetrating through an array of screens (Weiner,
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1993) provided velocity profiles from which the axial volume flow and momentum flux were 
calculated for comparison with the proposed prediction method.
Quantitative data was obtained from the flow visualisation study by estimating the overall width 
of the jet, based on the extent of the smoke injected through the fan inlets and from the indication 
of the jets direction obtained from the smoke tracers. A single screen case was used as a reference 
from which it was possible, using the method described above, to predict the behaviour of the jet 
penetrating through two successive screens. This was carried out for combinations of the p  = 0.65 
and/? = 0.57 screens and for a range of screen separations. No visualisations were made for the 
less porous screens because it was estimated that the resulting jet would be wider than the extent 
of the apparatus.
Within the limited range of porosities examined, and the accuracy of this method, the jet widths 
obtained agreed with those predicted. This agreement held for a wide range of screen separations, 
from 1.1 < x/H < 1.8. The length scale that was thought to limit interference between the screens 
was the repeating length scale of the screen (in this case the hole pitch). The visualisations 
suggested that there was no influence on the width of the jet downstream for separations greater 
than four times the repeating length scale of the screen.
The experiments with a rectangular jet from a moving source described in Cant (1996c) provide 
quantitative data for a jet impinging on an array of screens within the same range of porosity as 
those used in the flow visualisations. In this case the axial volume flow and the momentum flux 
were obtained at the midpoint between four successive screens with porosity, p  = 0.53. These data 
were obtained by integrating the ensemble averaged velocity time series obtained from individual 
realisations captured as the jet source traversed past a stationary anemometer positioned within 
the array. The data for the slowest fan traverse speed was shown to produce results matching 
those obtained from orthodox profiles of the jet for a stationary source. As the traverse speed 
increased there appeared to be a change in structure of the jet which had some influence on the 
integral properties.
Figure 3.6 of Cant (1996c) shows the momentum flux of the jet through the screen array (termed 
ACC in that report) with an exponential fit to the data. It was suggested that there were 
significant effects at the first screen of the array leading to greater losses across the first screen 
than occurred across subsequent screens within the array. Analysing the data in terms of the loss 
coefficient used in the prediction method, however, casts doubt on this proposition. Table 5.2 
shows the momentum loss coefficient calculated from one screen to the next as the jet penetrates 
though the array. The virtually constant value of this loss coefficient indicates that the momentum 
flux of jets penetrating through arrays of screens can be represented as successive interactions 
with screens in isolation. The higher losses that were thought to occur at the first layer are, 
therefore, no more than the step change in momentum flux associated with the loss coefficient for 
that screen.
The data for the axial volume flow from the same experiment suggested that, for the slowest jet 
source traverse speed, the axial volume flow through the screen array was conserved, with no loss 
of air to the transverse direction and no further entrainment into the jet. Curve fitting to the points 
for the volume flow coefficients from the detailed measurement of the plane jet impinging onto 
porous screen (figure 3.1, page 63) predicts that a screen of this porosity (p = 0.53) would 
produce, if anything, a small decrease in the axial volume flow of the jet through the array. That 
this does not occur is no great cause for concern because, as stated earlier, there is no guarantee
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that screens of different construction will produce the same affect on the jet. In this case the 
screens were of a two dimensional arrangement that was very different to the punched plate used 
in the plane jet experiment and the jet width was much narrower relative to the repeating length 
scale of the screens. Nevertheless the trend in the axial volume flow data for the rectangular jet 
penetrating through the screen array is consistent with the jet exhibiting the same change (no 
change) in axial volume flow as it encounters each successive screen in the array, as per the basic 
premise of the prediction method.
Cm
v / u 0 0.026 0.043 0.087 0.174
screen 1 0.52 0.49 0.49 0.52
screen 2 0.48 0.46 0.47 0.70
screen 3 0.44 0.52 0.52 0.45
mean 0.49 0.49 0.49 0.58
Table 5.2 Momentum loss coefficients for rectangular jet penetrating screen array.
The last set of data to which the prediction method can be compared is that of Weiner (1993). In 
this study of an orchard sprayer air jet penetrating through an array of five screens, velocity 
profiles were obtained at the midpoint between the screens in order to obtain the peak velocity. 
The outlet of the orchard sprayer jet was positioned 3 m from the first screen of the array and the 
outlet velocity was said to be in the region of 30 ms'1. The profiles obtained are shown in 
appendix 5A from which axial volume flow and momentum flux values, shown in figures 5.1 and 
5.2, were calculated. Weiner repeated these experiments for four screen porosities in the range 
p  = 0.78 to/? = 0.35 and at two screen separations.
Before commencing the discussion of Weiner’s results it is necessary to note that the velocity 
profiles do not meet the criteria that would be laid down if conducting an experiment for the 
purpose of calculating the jet’s integral properties. The velocity profiles recorded do not capture 
the full jet profile on a number of occasions and this tendency is accentuated the wider the jet 
becomes. This means that the values of the integrals are underestimated as the jet widens, for 
instance as it travels further through the array or as the porosity of the screens making up the 
array decreases. For the results presented in appendix 5A the extent of the jet profiles in terms of 
jet widths, b, as per the definition given in section 2.1 was calculated and used to estimate the 
degree to which the axial volume flow and the momentum flux would be underestimated. For the 
momentum flux the underestimation was in all cases no more than 15% and in the majority of 
cases was in fact less than 10%. The underestimation of the axial volume flow was more 
pronounced however, generally increasing from around 2% behind the first layer of the array to 
over 30% for the most diffuse profile of the less porous arrays. The momentum flux data is, 
therefore, more reliable than that for the axial volume flow.
The values for the momentum flux plotted in figure 5.1 were used to calculate momentum loss 
coefficients for the jet interaction with each screen within each individual array. It was not 
possible to calculate the loss coefficient for the first screen within each array as the source data 
did not include any information on the velocity profile upstream of the screen array. The resulting
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values are shown in table 5.3 together with the mean value for each screen/spacing combination. 
The loss coefficients for each array are consistent across each successive screen within that array, 
thus supporting the argument that screens in arrays act as if they are screens in isolation. There 
is some variation between the loss coefficients obtained for screens of similar porosity but at 
different spacings. Some of this variation may be attributed to differences in the relative width 
across which the integrals were made, as described in the previous paragraph. Despite this the 
results for each screen porosity are consistent to within 15%.
The variation of the axial volume flow through the array is shown in figure 5.2. Due to the 
limitations of this experiment described above and the lack of information on the conditions of the 
jet upstream no attempt has been made to calculate volume flow coefficients from this data. The 
graph appears to indicate that, on the basis of these measurements, the jet is losing volume flow 
from the axial direction for even the most porous screen (p = 0.78). This does not agree with the 
results of the experiments with the plane jet impinging on a single screen described in section 2. 
It would seem likely that this apparent loss in volume flow through the array is due to the 
deficiencies in the experimental method described earlier. The loss of axial volume flow through 
the canopy does, in general appear, to be linear. This is in agreement with the expectations of the 
prediction method. However, in light of the inaccuracies involved it would seem foolhardy to use 
this finding as strong evidence to support the validity of the method.
porosity spacing (m)
Cm
screen 2 screen 3 screen 4 screen 5 mean
0.78 0.23 0.23 0.20 0.22 0.20 0.21
0.69 0.23 0.34 0.39 0.42 0.38 0.39
0.69 0.46 0.45 0.43 - - 0.44
0.52 0.23 0.69 0.68 0.65 0.66 0.67
0.52 0.46 0.78 0.78 - - 0.78
0.35 0.23 0.92 0.95 - - 0.94
0.35 0.46 0.94 0.94 - - 0.94
Table 5.3 Momentum loss coefficients for orchard sprayer jet penetrating through screen arrays. 
5.1. 4 Summary o f findings in relation to the prediction method
The separate studies of jets penetrating through porous structures described above give overall 
support to the method of predicting the momentum flux of air jets penetrating through single and 
arrays of screens, based on the momentum loss coefficients defined for single screens. Figure 5.3 
shows the momentum loss coefficient, for all the screens discussed earlier, plotted against their 
geometric porosity. With the exception of the moving source experiment (Cant, 1996c), all the 
points fall in a narrow band with variation of ±10% in Cm across the full range of porosities. This 
variation is probably due to differences in the design of screens used in each of these experiments. 
The one point that falls outside the band is that for the moving jet experiment. In this experiment 
the jet was shown to be behaving as for a stationary jet when travelling at slow speeds. It is
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therefore felt that the disagreement between the loss coefficient obtained in this case and those 
from the other studies was due to the small ratio between the jet width and the scale of the 
blockage elements making up the screen. As noted in section 4 of Cant (1996c) this complicated 
the measurement protocol but it seems likely that it also affected the ease with which the jet could 
penetrate through the array.
Validating the method for estimating the axial volume flow through screens proved to be less 
straightforward. The two experiments with jets impinging on single screens suggested that the 
method was valid, as long as the correct length scale was used in the calculation of the volume 
flow coefficient. It appeared that normalising the distance from the outlet by the jet width just 
upstream of the screen would give a universally applicable flow coefficient (this is in contrast to 
the method used in section 3 where the distance from the outlet was normalised by the distance 
between the outlet and the screen). Due to deficiencies in the experimental method it was not 
possible to calculate volume flow coefficients for the jets penetrating though porous arrays. The 
flow visualisations supported the method for the limited range of porosities investigated and the 
measurements with screen arrays did, at least, verify the trend for linear variation of volume flow 
through the arrays. Further work would be necessary to verify whether or not a uniform volume 
flow coefficient applied to all the possible arrangements of a given screen and jet.
5.2 Application of Jet Findings to Orchard Sprayers
As stated at the outset of this general discussion section, it was realised at an early stage in this 
project that the original objective - of linking the level of spray drift produced by an orchard 
sprayer to the configuration of the plant canopy and the configuration of the sprayer’s air jet - was 
not going to be met by this EngD project alone. To achieve this link would.require a substantial 
amount of further work to apply the method proposed for penetration of jets through arrays of 
porous screens to the randomised porous structure of a plant canopy. In addition, the behaviour 
of the spray droplets within the air jet and the three dimensional effects at the end of the jet would 
also have to be modelled in some way before an understanding of spray deposition onto the target 
plant and losses into the atmosphere could be quantified.
The method did appear to hold some promise in application to the full scale problem, in that there 
was general agreement between the method and the experiments of Weiner (1993) using an 
orchard sprayer jet penetrating through an idealised artificial plant canopy (see section 5.1.3 
above). In the laboratory scale experiments the prediction method was shown to hold within the 
following limitations:
1. The method only applies to jets spreading in two dimensions.
2. For screen arrays, the separation should be greater then 4 times the repeating length of the 
screen.
3. The momentum loss coefficients were universal for all screens and arrays of screens to 
within ±10% provided that the upstream jet width was not less than five times the 
repeating length scale of the screen elements.
4. The volume flow coefficients were universal for single screens in the porosity range 0.4 
<p <■ 0.6. For screens in arrays the general pattern of the axial volume flow through single 
screens was followed but further work would be required to compare the quantitative 
volume flow coefficients.
5. The momentum loss coefficient is unaffected by the ratio of the jet traverse speed to the 
outlet velocity of the jet up to a ratio of approximately 0.1. Further work would be
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required to determine conclusively what happens beyond this point.
6. The volume flow coefficient is affected by the ratio of the jet traverse speed to the outlet 
velocity of the jet, leading to an increase in axial volume flow as the ratio increases. 
Further work would be required to determine how this affect could be accounted for in 
the prediction method.
Assuming that a method could be devised to reduce the structure of a given plant canopy to an 
equivalent screen array, the above limitations would need to be taken into account in applying the 
prediction method.
The condition of two-dimensionality, although not strictly met by a plant canopy, could be said 
to hold in the region close to the rectangular outlet of a sprayer, such as that shown in .figure 1.1b 
of Cant (1996b). In orchards the target plant is typically located only 5 outlet widths downstream 
of the outlet. As a result the jet will have limited scope to develop in the third dimension before 
encountering the canopy.
Satisfaction of the caveat on the application of the momentum loss coefficient, that the upstream 
jet width should be more than five times the repeating length scale of the screen elements, will 
depend on the architecture of the plant canopy. For simple screens the repeating length scale was 
defined as either the distance between canopy elements or the pitch of the holes in the screen. It 
is less easy to define such a length scale for an orchard canopy, with some method of averaging 
the distance between leaves and branches being required. Assuming a size range for the leaves of 
orchard plants between 30 and 50 mm, and a typical leaf area density (the one sided leaf area 
within a unit volume of the canopy) of 2 m2/m3, then the average repeating length scale (obtained 
by taking the cube root of the leaf area divided by the leaf area density) will be in the range 80 to 
110 mm. The jets produced by orchard sprayers are produced through outlets of width around 
100 mm and the jet width achieved at the canopy will be upwards of this value, depending on how 
far the canopy is from the orchard sprayer outlet. It is possible, therefore, that the jet width at the 
edge of the canopy will be less than five times the repeating length scale, in which case it may be 
necessary to adjust the loss coefficients to account for the narrowness of the jet.
The survey of growers found that the forward speeds of orchard sprayers ranged from 1.3 to 2.7 
ms'1. No information was obtained from the survey on the outlet velocity of the orchard sprayer 
jets. However, information from sprayer catalogues, reproduced in table 2.1 of Cant (1996b), 
shows that typical outlet velocities are in the range 30 to 50 ms'1. The range of forward speed to 
outlet velocity ratios that would be encountered in orchards is therefore between 0.03 and 0.09. 
This means that the momentum loss coefficient will be unaffected by the motion of the sprayer but 
the axial volume flow of the jet could be. As mentioned under point 6 above, further work is 
required to quantify how the jet volume flow is affected by the forward speed of the sprayer.
The survey of orchard growers showed that, if better ways of operating orchard sprayers could 
be devised, there is scope for changing spraying practices in orchards. Assuming that further work 
will produce a method of quantifying the deposition and drift produced by a given plant canopy/air 
jet combination it would appear that growers could be persuaded to adopt recommendations for 
improved practices that such a method might suggest. At present 50% of growers vary the air 
flow produced by their sprayers and sprayers are operated at a wide range of forward speeds. 
Education of growers, through trade press and trade shows could lead to adoption of methods 
optimised for the environment and effective control, provided that the recommendations were 
practical and workable.
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5.3 Summary of Conclusions
The conclusions of this research fall under two categories: the behaviour o f air jets passing 
through porous obstacles and what methods are used to apply pesticide products in UK orchards. 
Further work is required to relate the findings on jet flow through porous obstacles to the air jets 
produced by orchard sprayers and to understand the mechanisms that result in the production of 
drift from this type of sprayer.
Experiments on the behaviour of jet flows through single porous screens gave a foundation on 
which understanding of jet flows through more complex obstacles could be built. It was shown 
that a “step” change in momentum flux occurred across the screens and that the magnitude of this 
change was a function of the screen porosity and, to an extent, the pattern o f the screen. The 
behaviour of the axial volume flow was also dependent on the screen porosity and pattern. For 
high porosity (p > 0.57) screens there was little loss o f axial volume flow across the screen, as the 
jet continued to travel on beyond the screen, but the entrainment downstream of the screen was 
reduced. Measurements of the power spectra downstream of the screen suggested that the reduced 
level of entrainment was associated with a change in the turbulence structure of the jet. Screens 
with lower values of porosity (p < 0.41) displayed a loss of axial volume flow at the screen, 
associated with the formation of wall jets travelling along the upstream and downstream faces of 
the screen.
The changes in the momentum flux and the axial volume flow across and downstream of the 
screens were characterised by a momentum loss coefficient (the ratio o f momentum loss to 
upstream momentum) and an axial volume flow coefficient (the rate o f change of axial volume 
flow with position downstream of the screen). It was possible to predict the behaviour of the jet 
impinging on an array of porous screens by assuming that it would have the same change in these 
integral properties as a jet impinging on the same screens in isolation. This method was validated 
for a limited range of screen porosities (0.57 < p  < 0.65).
The final finding that relates to the behaviour o f the air jets from orchard sprayers is the affect 
that the forward speed o f the sprayer might have on the jet. Measurements o f a moving jet 
penetrating through an artificial plant canopy have shown that increasing the ratio of the forward 
speed to the outlet velocity has no effect on the momentum flux (for ratios less than 0.1) but does 
tend to increase the axial volume flow of the jet.
Further work would be required to apply the findings on the behaviour of air jets directed through 
porous obstacles to the performance of orchard sprayers. This could be through the extension of 
the prediction methods to the randomised porous structure of a plant canopy or, perhaps, through 
alternative modelling techniques that could be validated against the results for the simple jet 
impingement cases presented in this report.
The main findings o f the survey of orchard growers were that the axial fan orchard sprayer is the 
most common in UK orchards (accounting for around 92% of all sprayers) and that there is a 
continued tendency towards dwarfing rootstocks and low volume application o f pesticide 
products. There was some evidence that growers tailor the volume flow of air to specific crops. It 
was felt that, in light of the low turnover o f orchard sprayers, encouraging better calibration 
methods for existing machinery, such as air flow adjustment, is the most promising way of 
improving the operation of orchard sprayers, at least in the short to medium term.
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The sensitivity of the Flowlite LDA photomultiplier (PM) can be varied in two ways. There is a 
hardware gain, which can be set to high or low, and the voltage of the PM can be varied. To 
determine what affect this had on the data acquisition a number of trials were conducted at several 
points within the jet, using both high and low gain settings and covering a range of PM voltages. 
Figures 2A. 1 - 2A. 4 show what effect the gain and the PM voltage had on the recorded mean 
velocity, rms velocity, the data rate and the validation rate. Each curve represents the parameter, 
as recorded by the LDA, at a particular point within the jet for the given hardware gain and 
bandwidth setting. The bandwidth was set to give the minimum velocity range that would allow 
a full velocity histogram to be recorded for the particular point within the jet. During these trials 
the dead-time mode of the LDA was in operation and set to 50,000 gs, giving a maximum 
attainable data rate of 20 Hz.
Figure 2A.1 shows that the recorded mean velocity is unaffected by the hardware settings, 
however, the rms velocities, shown in figure 2A.2, does show an effect of the hardware gain and 
PM voltage settings. In general the rms velocity appears to be stable initially, as the PM voltage 
increases until a critical value is reached, beyond which the rms velocity increases with the PM 
voltage setting. Comparing the results for the jet at x/b0 = 81.3, y/b = 2 for the high and low gain 
settings also shows that the critical value of the PM voltage setting is lower for the high gain 
setting than for the low gain setting. Increasing the PM voltage setting is shown in figure 2A. 3 
to result in an increase in the data rate up to a plateau level. There may then be a secondary 
increase above the plateau level as the voltage increases still further. The PM voltage setting also 
has an influence on the validation rate of the signal. For all cases, for low voltage settings, there 
is 100% validation (figure 2A.4) and this is maintained until some critical voltage setting, beyond 
which the validation rate drops off. The values of these critical voltage settings and those for the 
rms velocity are shown in table 2A. 1.
APPENDIX 2A - Effect of LDA hardware settings on results
x/b0 y/b gain bandwidth
(MHz)
HVcrit 
rms velocity
HVcrit
validation
81.3 2 high 4 1300 1200
81.3 2 low 4 1700 1400
26.7 0 low 12 >2000 1600
26.7 2 low 4 1700 1400
154 0 low 4 1800 1496
154 2 low 4 1600 1400
Table 2A.1 Critical voltages at various points within the jet for different hardware settings.
The optimum setting for the LDA is that which gives accurate velocities at the highest data rate 
possible. An arbitrary decision was made to use the low gain setting and, to avoid continual 
adjustment of the settings, it was decided to adopt a single value of PM voltage for each 
bandwidth setting. For the 4 MHz bandwidth a voltage setting of 1400 V was adopted, as the 
maximum value that did not affect the validation rate, and similarly, a value of 1536 V for the 12 
MHz bandwidth.
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4A. 1 Quotes relating to the sprayer settings
• Pressure depends on planting width.
• Forward speed depends on row width.
• Pressure depends on plant width.
• We swop one low nozzle for one high one for tall trees. Have 10 nozzles use any 8.
• Pressure varies depending on orchard.
• Air volume can be varied by varying the PTO speed.
4A.2 Quotes relating to sprayer replacement
• When you have decided which is the best general purpose replacement sprayer please let 
us know.
• Sprayer likely to be replaced when present sprayer is old, broken or I can afford one.
• Sprayer will be replaced as soon as we can find a make/model that we feel is as good.
• Law will probably dictate the type of replacement sprayer.
• Sprayer is first or second Commandair machine made extensively modified for ULV.
Likely to be replaced when anything better is produced.
4 A. 3 Reasons given for choice replacing existing sprayer with one of the same type
• Very reliable, good local service, wide range of tree types need flexible sprayers.
• This sprayer is a good compromise for our orchards. A recirculating type would be better
technically but is not practical given our wide range of tree types.
8 Reliable machinery with accurate spray pattern.
8 Present sprayer given good results.
8 Very reliable.
8 Previous sprayer has been very good.
8 Convenience of "general purpose” sprayer. Low maintenance - gives good coverage in all
orchards and orchard types.
8 The Commandair is an excellent sprayer because of large volume of air moved at relatively
low speed. We have not found a suitable replacement. The large air volume is particularly 
good for our nursery enterprise for which we also use this sprayer.
4A.4 Reasons given for not knowing what type to replace present sprayer with
8 not sure of best replacement so will keep what we have for now
APPENDIX 4A - Comments from questionnaire forms
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APPENDIX 5A Velocity profiles for an orchard sprayer jet penetrating through
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ABSTRACT
This report documents experimental work carried out during the first 18 months of the author’s 
project, “Interactions between air-assistance orchard sprayers, crops, and the lower atmosphere,” 
being carried out at Silsoe Research Institute under the University of Surrey/Brunei University 
Eng.D. programme in environmental technology. This experimental work has focussed on the 
behaviour of air jets penetrating through a two dimensional artificial plant canopy. The results 
show that as the ratio of the traverse speed of the jet source to jet outlet velocity is increased there 
is a change in the structure of the flow through the canopy. This change in structure has little 
affect on the momentum flux through the canopy but does affect the volume flow: higher velocity 
ratios tending to give increased volume flow. Finally some suggestions are made as to how the 
apparatus could be improved in future experiments.
1. INTRODUCTION
The motivation for this project is the need for improved methods of operation of air assisted 
sprayers in order to reduce the amount of spray which drifts away from the intended target. The 
current trend in legislation is towards a tightening of the regulations which govern the use of 
pesticides (ENDS Report, 1996). Farmers are expected to comply with codes of practice prepared 
by MAFF and the Health and Safety Executive (MAFF/HSE, 1990) and may be prosecuted if their 
pesticide applications result in spray drifting away from the intended target (HSE, 1996). Air 
assisted orchard sprayers are renowned for being particularly prone to drift (MAFF/HSE, 1990) 
and it is felt that gaining a better understanding of how air jets produced by orchard sprayers 
interact with plant canopies will allow alterations in the set up of these sprayers so that less spray 
is lost to the environment while effective control is maintained.
The aim of this experiment was to obtain familiarity with the problem of jet flow through crop 
canopies and to test aspects of the model of Walklate et al (1996) and CFD results produced by 
Weiner (1993) for jet flow through a two dimensional porous structure. The model put forward 
by Walklate proposed equations that could be reduced to the following expression (equation 1) 
for the maximum value of the local volume averaged velocity produced by a jet penetrating 
through a plant canopy, the volume averaging being sufficient to remove only the fluctuations in 
the profile due to the individual elements of the canopy.
2
Um = U oexp(-Icx) (1 )
In this equation Um is the peak value of the local volume averaged velocity, UQ is the peak velocity 
at the onset of the canopy jet behaviour, x is the distance from the origin of canopy jet behaviour 
and /c is a factor that accounts for variations in the jet penetration due to the forward speed of the 
sprayer, the crop structure and the structure of the jet at entry into the canopy. The findings of 
the CFD simulations by Weiner suggested that jets flowing through porous structures will 
undergo repeated bifurcations. This splitting of the flow results in a number of streams which will 
be directed through any open paths provided by the blockage elements.
A two dimensional artificial crop canopy (ACC) was constructed and measurements were made 
of the velocity within this ACC for various jet conditions. The ratio of fan traverse speed to jet 
outlet velocity was varied to determine what affect this had on the penetration of the jet through 
the ACC.
Some of the results obtained using this apparatus have been described in previous reports. The 
six month report (Cant, 1995(1)) described the preliminary experiments, which resulted in 
alterations being made to the apparatus, and some results obtained from the revised arrangement. 
The paper for the 1995 EngD conference, which is contained in appendix one of the twelve month 
report (Cant, 1995(2)), attempted to draw conclusions on the suitability of current spray calibration 
practises using data obtained from the ACC. For reasons that will be discussed later the 
conclusions obtained in this paper were incorrect due to the data set being incomplete. The 
eighteen month report (Cant, 1996(1)) gave an overview of all the tests carried out on the ACC 
without reporting any results. Finally the paper for the 1996 EngD conference (Cant, 1996(2)) 
presented results for the jet penetrating the ACC at the lowest fan traverse speed, together with 
results for free jets and wall jets, and discussed how these results have affected plans for future 
experimental work.
This report is intended to give a single point of reference for the experimental work carried out 
on the two dimensional ACC during the first 18 months of this project. In doing so some of the 
points made in the reports mentioned above will be restated while others will be shown to require 
correction. In addition results which have not been reported previously will be presented and 
discussed.
3
2. MATERIALS AND METHODS
2.1 Apparatus
To allow comparison with the two dimensional analysis of jet flow through plant canopies given 
by Walklate et al (1996), which reduces to the expression given by equation 1, a nominally two 
dimensional artificial crop canopy (ACC) and air jet arrangement was devised. The overall 
dimensions of the ACC were based on the dimensions and leaf area density of the plants found 
in a typical UK apple orchard. The behaviour of an air jet directed through this ACC was to be 
studied by logging velocity time series within the ACC as a cross flow fan (Airwheel, Poole, 
Dorset model 1\133\600\4M806\LH, outlet width 0.095 m, outlet height of 0.6 m) was traversed 
past the ACC by an overhead carriageway (figure 2.1). This carriageway could accommodate a 
range of fan traverse speeds from 0.2 - 2.2 ms'1 reflecting the range of traverse speeds that would 
be employed by orchard sprayers.
Initially the artificial crop canopy was based on a piece of apparatus used in a previous experiment 
at Silsoe which had overall dimensions 1.2 m long by 0.8 m high by 0.92 m deep and consisted 
of five layers of steel mesh (12.6 mm by 12.6 mm grid spacing, wire diameter 1.6 mm) to which 
vertical strips of tape were added to simulate the plant leaves. The layers of steel mesh were 
spaced 0.23 m apart to enable placement of an anemometer within the canopy and the blockage 
position alternated between layers so that a gap in one layer would be adjacent to a blockage strip 
in the next. Preliminary experiments suggested that this arrangement did not provide sufficient 
length of canopy along the row to prevent end effects being significant and also that the jet 
created by the cross flow fan was not aligned with the x-axis (defined as the direction into the 
canopy, normal to the direction of fan travel). .
In order to overcome these problems a revised artificial crop canopy was constructed in a similar 
way, from five sheets of steel mesh but on a coarser grid (50 mm by 50 mm grid spacing, wire 
diameter 0.3 mm) and with overall dimensions of the canopy increased to 2.45 m long by 0.85 m 
high by 0.92 m deep. Again vertical strips of tape (50 mm wide, 75 mm apart) were added to each 
layer, giving a pattern of blockage elements that repeated at an interval, yp, of 0.125 m and 
resulted in a two dimensional arrangement. The arrangement of tape was staggered so that a gap 
in one layer would be adjacent to a strip of tape in the next. The layers were at a spacing, xr, of
4
0.23 m to allow access for the anemometer. In total, the area of the tape and exposed mesh 
resulted in 47% blockage on each layer which, combined with the gap between layers, gave an 
equivalent leaf area density of 2.04 m'1 (the one sided leaf area per unit volume of the canopy). 
To achieve alignment of the jet with the x-axis a hinge mechanism was added to the fan mounting 
which enabled the fan to be angled about its vertical axis. The final arrangement is shown in figure 
2 . 1.
A three dimensional, ultrasonic anemometer was used to measure air velocity (Gill Instruments 
Limited, Lymington, Hampshire). This gave velocities in the three orthogonal directions averaged 
over a cylindrical sample volume of height 0.105 m and diameter 0.105 m at a sampling frequency 
of either 21 Hz or 56 Hz. At the lower sample rate the time of flight of the ultrasonic pulses 
between the transducers is processed online by the anemometer and is output as U, V and W 
components of velocity. At the higher sampling rate the anemometer cannot process the data 
online so the output is in the form of transit counts, representing the time of flight of the ultrasonic 
pulses between the transducers. FORTRAN code was developed to convert this transit count data 
into the three components of velocity using the calibration data for the anemometer supplied by 
Gill Instruments Ltd. Further details on the operation of the ultrasonic anemometer and the 
FORTRAN post processing programme are contained in the first six month report (Cant, 1995(1)).
2.2 Tests and Analysis
The tests which were carried out can be split into three categories. A description of each of these 
is given below. In the following description the difference between a velocity profile and a velocity 
time series should be noted. The term velocity profile is used, as is customary, to describe the 
velocity across a section of the stationary flow produced by a jet from a fixed outlet. In contrast 
the term velocity time series is used to describe the record of velocity obtained for the non- 
stationary flow induced as the jet makes a traverse along the carriageway passing a fixed 
anemometer.
2.2.1 Air je t from  a fixed source penetrating the ACC
With the fan held stationary adjacent to the canopy, measurements of the air velocity within 
the canopy were made, at two axial distances from the fan outlet, x/xr =  0.76 and x/xr = 1.76,
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corresponding to the mid point between the first and second, and second and third layers of 
the canopy. At each distance from the outlet the velocity was logged at 25 mm intervals across 
the extent of the jet. This procedure was repeated for five fan locations, 25 mm apart in the 
y direction, which encompassed one repetition of the blockage elements (figure 2.2). At each 
measurement station the velocity was logged for 18 seconds with the ultrasonic anemometer 
at a sampling frequency of 21 Hz.
The mean velocity was calculated at each measurement point by averaging the 384 samples 
obtained. The resulting profiles were rearranged to predict the form of the velocity time series to 
be expected for the fan traversing past the ACC with the anemometer in a fixed position, as is the 
case in the experiments with the air jet from a moving source penetrating the ACC. This analysis 
gives the velocity time series which would be expected in the absence of effects due to the fan’s 
motion. The flow and momentum integrals for these rearranged profiles were calculated using the 
same procedure as for the moving air jet (described below). This information was to be used to 
determine if the effects of speed were negligible at the lowest traverse speed.
2.2.2 Air je t from  a moving source penetrating the ACC
Measurements of the air velocity time series within the canopy were made for four fan traverse 
speeds (0.3, 0.5, 1.0 and 2.0 ms'1) giving ratios of fan traverse speed to jet outlet velocity, a, 
of 0.026, 0.043, 0.087 and 0.174. Velocity time series were taken at five anemometer 
locations, 25 mm apart in the y  direction, for three axial distances from the fan ou tle t, x/xr 
— 0.76, x/xr =  1.76 and x/xr -  2.76, corresponding to the mid point between successive 
layers of the canopy (figure 2.3). Ten replicates of the velocity time series were obtained at 
each measurement point. The data was logged at 56 Hz resulting in spatial resolution (the 
distance travelled by the fan between each sample in the velocity time series) of 5.4, 8.9, 17.8 
and 35.7 mm for fan traverse speeds of 0.3, 0.5, 1.0 and 2.0 ms'1 respectively.
The data files for the velocity time series obtained from the ultrasonic anemometer were first 
converted from ultrasonic pulse transit counts to U, V and W components of velocity. This 
information was used to produce ensemble averaged velocity time series for the velocity 
experienced within the ACC as the fan moves past and to calculate the flow and momentum
6
integrals.
The ensemble averages were calculated by averaging together the results for the ten repetitions 
carried out for each position of the anemometer and each fan traverse speed. Some method was 
required to match the position of the jet profile between replicates as no way of doing this 
accurately was provided by the apparatus. For each set of ten replicates the first time series was 
used as a standard to which the other nine were matched. This was achieved by altering the phase 
shift between the two time series to be compared until the correlation given by
m
correlation = u^i) ur(i+j) (2)
i-n
was maximised. In this equation n and m take values to encompass the entire jet profile, r is the 
time series number which takes values from 2 to 10, and j is the phase shift between the two time 
series. The resultant ensemble averaged velocity time series were arranged with the peak velocity 
at_y = 0 and with data retained across y  -  ± 1.25 m, thus encompassing all the data for which the 
jet was directed into the canopy. The FORTRAN code used to perform this operation is given in 
appendix A.
The axial volume flow and the jet flux were calculated from the ensemble averaged velocity time 
series by numerical integration according to the formulae:
Q = fU dy = Y ,  m  )
1=1 \  ^ y (3)
M  = Ju\U\dy = £ (  + ^ - i l^ - i l )^  -  Jm) (4)
where U, is the value of the U component of velocity when the fan is at position^ and the values 
of i are set so that i = 1 and i = n correspond to fan positions y  = -1.25 m and y  = +1.25 m 
respectively. The momentum flux integral was calculated as the product of the U component of 
velocity with its modulus to give the net flux in the original jet direction. Spatial averages of the
7
axial flow and momentum flux were calculated by taking the mean of these properties, as 
calculated for the five positions of the anemometer within the canopy, at each axial measurement 
section.
2.2.3 Air je t from  a moving source into free surroundings
Measurements were made of the velocity time series produced in the absence of any 
obstruction at distances from the fan, and at fan traverse speeds, identical to those described 
in section 2.2.2 for the jet penetrating the ACC. In addition velocity time series were taken 
at 50 mm intervals between x  =  0.13 m and 0.57 m for the lowest fan traverse speed (a =  
0.028). The data was logged at 56 Hz giving the same spatial resolution as was obtained for 
the air jet from a moving source penetrating the ACC.
The velocity time series for the moving jet into free surroundings were treated in exactly the same 
manner as those for the moving air jet penetrating the ACC with one exception. As there is no 
variation in the ensemble averaged integral properties of the flow in the ^ -direction, due to the 
absence of obstructions to the flow, spatial averaging was not required.
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3. RESULTS
3.1 Air Jet from a Fixed Source Penetrating the ACC
The velocity profiles obtained by traversing the anemometer within the ACC are shown in 
appendix B and the same data is presented as vector plots in figure 3.1. These show the sensitivity 
of the flow within the ACC to the position of the fan in the y  direction. At the two extremes, 
figure B1 shows that when the fan outlet is aligned with a gap in the first canopy layer the jet 
penetrates through this first layer relatively undisturbed, while in figure B4 the flow is split into 
two streams of similar magnitude which are angled at roughly 45° to the original direction of the 
jet. It is also clear from certain velocity profiles that the measurements have not captured the full 
velocity profile. This is particularly apparent in figures B2 and B3.
The vector plots give an indication of the flow pattern produced within the limited area in which 
measurements were made. In these diagrams the additional strips of blockage are represented by 
heavy lines to give an indication of how the jet bifurcates and channels around these elements. The 
vector plot for the fan located at y/yp= 0.6 (figure 3. Id) suggests that once the jet has split into 
streams travelling at 45° to the original flow direction it is only capable of penetrating through one 
more layer, after which the flow is directed along the row. This can be contrasted with the vector 
plots foryf /yp = 0.2 and 0.8 (figures 3.1b and 3. le) which show that the jet seems to have aligned 
itself with the “channel” through the blockage elements.
The results for a jet from a stationary source rearranged to show the velocity time series which 
would be expected in the absence of effects of the fan’s traverse speed are shown in appendix C. 
The variation of the flow and momentum integrals of these velocity time series (calculated using 
equations 3 and 4) with anemometer position is shown in figures 3.2 and 3.3, as deviations from 
the spatial average. The integrals vary in a roughly sinusoidal manner as the phase shift of 
anemometer position, relative to the blockage elements, changes. This emphasises the need for 
spatial averaging to obtain the correct relationships for flow properties through the canopy.
3.2 Air Jet from Moving Source Penetrating the ACC
The ensemble averaged velocity time series for all measurement positions are shown in appendix
1 2
D with a, b, c and d referring to the results for velocity ratios, a, of 0.026, 0.043, 0.087 and 0.174 
respectively. For each of the anemometer positions shown in these figures it is clear that 
increasing cc alters the structure of the flow. In appendix E the U velocity component of the air 
jet from a moving source at the lowest and highest velocity ratios, a = 0.026 and a = 0.174, are 
superimposed on the prediction from the results for the air jet from a fixed source. Visual 
comparison of the velocity time series obtained for the moving jets and for the stationary jet show 
that, for the slow moving, a = 0.026, jet there is good agreement between the two cases at all the 
anemometer positions examined. For the fast moving, a = 0.174, jets however, the jet structure 
no longer matches the results for the stationary jet. This change in structure with increasing 
traverse speed manifests itself as a reduction in the number of “spikes” in the velocity time series 
and a widening of those spikes that remain.
In an attempt to quantify the change in structure of the flow the following correlation has been 
used:
where a is the normalised sum of squared differences at the stationary measurement points, U is 
the component of velocity through the canopy, subscript s refers to the stationary jet results and 
m refers to the moving jet results. Values of i are set so that i = 1 corresponds to y/y  = 5 , i  = n 
corresponds toy/yp -  16.2 and each increment of i corresponds to a 0.2 increment iny/yp. The 
resulting correlation, averaged across the five anemometer positions for each row and forward 
speed, are plotted in figure 3.4. At x/xr = 0.76, the mid point between the first two layers of the 
canopy, the difference between the moving and fixed jet cases increases as the traverse speed of 
the fan increases. A similar trend is followed between the next two layers of the canopy, x/xr = 
1.76, for fan traverse speeds up to a = 0.087. At the highest traverse speed the value of a starts 
to decrease. Studying the plots of the velocity time series in appendix E however, indicates that 
the shape of the moving jet velocity history definitely does not agree with the stationary jet case 
at this high jet traverse speed.
The spatial average of the peak velocity attained between each layer of the canopy is shown in
a (5)n
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figure 3.5 for each of the fan traverse speeds. The curves fitted through the data show that 
equation 1 gives a reasonable representation of the peak velocity and shows that the penetration 
factor, k, tends to increase as the traverse speed increases.
The change in structure of the jet would be expected to have some effect on the integral 
properties of the flow. Figure 3.6 shows the experimental data for the momentum flux through 
the canopy for each of the fan traverse speed ratios. The form of the decay appears to be relatively 
unaffected by the change in fan traverse speed. As the fan traverse speed is increased the 
momentum flux through each section of the canopy is almost unchanged, with the exception of 
the results for the highest traverse speed, a  = 0.174, which has reduced momentum flux for the 
two sections furthest into the canopy. The curves shown on figure 3.6 are exponential fit lines to 
the data. This type of fit was selected arbitrarily but gives a reasonable match to the data. Back 
projection of the curves suggests that more momentum flux is lost in the interaction with the first 
layer of the canopy than that with subsequent layers.
The behaviour of the flow integral is presented in figure 3.7. This shows that, for the lowest fan 
traverse speed, the value of the axial volume flow remains virtually constant, to within ±4%, 
through the canopy but tends to increase after the second layer of blockage for higher fan traverse 
speeds. This is contrary to the conclusion drawn in the paper for the 1995 EngD conference and 
shows the importance of applying the correct level of spatial averaging to the results (the results 
used in the conference paper were for a single measurement point between each layer of the 
canopy). Again the data for a  = 0.174 does not follow the trend set by the rest of the data. An 
explanation for this is given in section 4.
3.3 Air Jet from a Moving Source Into Free Surroundings
Appendix F shows the velocity time series of the jet from a moving source into free surroundings, 
from which the jet properties have been calculated. The momentum flux of the jet into free 
surroundings (figure 3.8) tends to be reduced as the traverse speed of the fan increases. For the 
lowest traverse speed the momentum flux of the jet remains constant through all the sections for 
which measurements were made. For higher traverse speeds the momentum flux is reduced but 
still appears to remain constant through all the measurement sections for each traverse speed.
14
The volumetric flow of the free jet (figure 3.9) increases with axial distance from the outlet as air 
is entrained into the jet and increases as the traverse speed increases. Study of the velocity time 
series (appendix F) suggests that this increase in the axial volume flow is largely due to the “wake 
flow” produced after the jet has passed the anemometer location.
15
Figure 3.1 Vector plots for the jet produced by a stationary source penetrating the ACC
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4. DISCUSSION
Examination of the results for the moving jet penetrating through the ACC, and comparison with 
the data for the fixed jet case and the jet entering into free surroundings, suggest that there are 
a number of phenomena affecting this type of flow. These give partial agreement with previous 
studies of this type of flow.
The vector plots of the data for the jet from a fixed source penetrating the ACC show aspects of 
the flow bifurcation and channelling displayed in the CFD predictions by Weiner (1993). 
However, this agreement was only partial. The predictions of Weiner suggest that, in all cases, 
the jet will split into discrete “channel” flows aligned along the path of least resistance through 
the canopy. For the canopy used in these experiments the path of least resistance would be a line 
at approximately 15° to the x axis. The vector plots show that the path of the flow is dependant 
on the alignment of the jet with the canopy elements in the first layer. In figures 3.1b and 3.1e 
the flow is shown to follow a path at 15° to the x axis, however, for the other cases this is not so. 
There are a number of possible reasons for this disparity. The canopy used in these experiments 
did not have the same geometry as that used in the predictions, the ratio between the row width 
and the repetition interval along the row being 2:1 compared to 0.5:1 for the prediction. In 
addition the jet used in the prediction spanned two repetitions of the canopy elements, whereas 
the jet used in the experiments covered less than one repetition. These difference in geometry 
probably explain the differences in the flow produced and the sensitivity of the jet to the position 
of the jet relative to the canopy elements.
The results for the stationary jet were rearranged to show how a jet travelling infinitesimally 
slowly would behave when directed through the ACC (appendix C). Comparison with the 
velocity time series for the moving jet showed that at low traverse speed ratios (a  = 0.026) there 
was reasonable agreement with the prediction for infinitesimal traverse speed (appendix E and 
figure 3.4). As a  increased however, the structure of the velocity time series changed and the 
agreement with the infinitesimal traverse speed prediction diminished. The change in structure 
produced a jet with fewer and broader spikes in the velocity time histories as the traverse speed 
increased. This change in structure is probably related to the time scales for the jet passing the 
canopy elements along the layers of the canopy and the time scale for the jet penetrating between 
layers of the canopy. As the ratio of the passing time scale to the penetration time scale decreases
25
the jet will become less able to react to the influence of the individual canopy elements, finally 
resulting in a jet with a single averaged profile passing through the canopy.
The velocity time series for the moving jet were analysed in terms of the model for two 
dimensional jets through plant canopies of Walklate et al (1996). The data for the peak velocity 
of the jet from a moving source penetrating the ACC (figure 3.5) showed that, for all the traverse 
speed ratios examined, a reasonable fit to the data was achieved using the expression derived 
from this model (equation 1), with the fit line constrained to passing through UJUa = 1 at the 
position of the jet outlet. The value obtained for the jet decay factor, k, increased with the traverse 
speed ratio, as was shown to be the case in previous experiments of this type (Walklate et al, 
1996). This agreement between the results and the theory was somewhat surprising when it was 
considered that the velocity time series obtained indicated that there was a high degree of spatial 
variability present in the results, despite the spatial averaging within the measurement volume 
of the ultrasonic anemometer. The method of averaging the results across one repetition of the 
canopy elements was intended to overcome this problem and the results suggest that this was 
effective.
Although the results agreed with the expression derived by Walklate et al, it was recognised that 
knowledge of the peak velocity alone does not provide a full description of the flow. In order to 
achieve this some knowledge of the profile shape and width are required. Due to the difficulty 
of defining a jet length scale that could cope with the varying forms of the velocity time series 
obtained, it was decided to pursue an alternative analysis of the results using the je t’s integral 
properties. The axial volume flow and momentum flux through the canopy were calculated for 
the jet from the velocity time series. The momentum flux data (figure 3.6) appeared to be little 
affected by the change in traverse speed of the jet source. This is in contrast to the behaviour of 
the jet from a moving source into free surroundings, which exhibited a reduction in momentum 
flux as the traverse speed increased. It seems strange that the jet into free surroundings and the 
jet travelling through the ACC should be affected by the traverse speed differently and it is 
thought that this finding may be an artefact of the sampling method. The jet into free 
surroundings exhibited no dramatic change in the shape of the velocity time series, apart from 
a slight widening of the profile. As a result the reduction in the spatial resolution of the velocity 
time series leads to an underestimation of the peak velocity, and hence the momentum flux, as 
the traverse speed increases. For the jet travelling through the ACC, however, there is a
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significant change in the structure of the velocity time series as the traverse speed increases. This 
change of profile shape means that there are fewer spikes at which the underestimation of the 
peak velocity can manifest itself. As a result the underestimation of the momentum flux is less 
pronounced in this case. The momentum flux data also suggests that there may be some transition 
affects occurring at the canopy interface. Projection of the fitted curves back towards the fan 
outlet (at x/xr = 0) indicated that the origin actually occurs behind the fan outlet. This suggests 
that, assuming that the fan output is not affected by the back pressure created by the existence 
of the plant canopy, there must be a more rapid decay of the jet momentum at the interface with 
the canopy than that which occurs within the plant canopy as the jet encounters further layers of 
canopy elements.
This interface affect was not reflected in the data for the jet’s axial volume flow. The volume 
flow through the first layer of the canopy (figure 3.7) was close to that obtained for the free jet 
at the position of the first layer. At the lowest fan traverse speed this value of volume flow was 
maintained through subsequent layers of the canopy. For higher fan traverse speeds the axial 
volume flow was slightly increased through subsequent layers of the canopy. This trend was 
reflected in the data for the jet from a moving source into free surroundings (figure 3.9), which 
showed increasing axial volume flow with increasing traverse speed. This effect was, 
presumably, due to an enhancement in the entrainment rate of the jet, and the creation of a wake 
behind the jet, as a result of the pressure field created around the jet as it was traversed through 
the surrounding air.
Although it has been possible to draw some conclusions from the data obtained from this 
investigation it is clear that there are some deficiencies in the apparatus used. The first limitation 
is that it is only possible to make measurements every 0.23 m in the x-direction due to the size 
of the ultrasonic anemometer and the size of the ACC. This, combined with the jet being 
dispersed beyond, and indeed before, the fourth layer of the canopy, results in the curve for the 
behaviour of any flow property penetrating the ACC having only three points. Clearly it is not 
easy to draw firm conclusions on the behaviour of the flow on the basis of three data points. This 
deficiency is most apparent when trying to determine the origin of the curves for the behaviour 
of the jet in the canopy. The data for the peak velocity (figure 3.5) were shown to give a 
reasonable fit when constrained to pass through the position of the jet outlet whilst the 
momentum flux data (figure 3.6) had its origin at some point behind the fan outlet. Confirmation
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of the behaviour would require more data points and clearly different behaviour would be 
expected for a jet with its source further from the canopy.
The second limitation of the apparatus is the reduction in spatial resolution of the velocity time 
series as the traverse speed of the fan is increased. The distance travelled by the fan between 
samples can be calculated thus:
At the lowest traverse speed this gives a step size of 5.4 mm for the numerical integration. At the 
highest traverse speed this has increased to 35.7 mm, equivalent to 3.5 data points across every 
repetition of the canopy elements. This decrease in resolution is likely to have two effects. The 
values obtained by the numerical integration will be subject to greater truncation errors and the 
value of Um will be underestimated, as it is less likely that a sample point will fall on the true 
value of Um. The underestimation of the peak velocity will also tend to reduce the values obtained 
for the numerical integrations.
The third limitation, which compounds the second, is the high degree of spatial variability of the 
flow due to the width of the blockage elements being of similar size to the width of the jet. This 
problem is most apparent in the results obtained for the static air jet penetrating the ACC. The 
form of the profile obtained within the ACC is highly dependant on the position of the fan 
relative to the blockage elements in the first layer. It is felt that increasing the ratio of jet width 
to blockage width would reduce this variability so that the gross features of the flow profile 
would be similar for any position o f the fan relative to the canopy.
5. CONCLUSIONS
Experiments on the penetration of an air jet through a nominally two dimensional artificial plant 
canopy have shown that increasing the ratio of jet source speed to jet outlet velocity leads to a 
change in structure of the flow produced within the canopy. At low velocity ratios the flow 
produced is similar to that obtained for a stationary jet source but as the velocity ratio is increased 
the velocity history is altered leading to fewer and wider peaks. This change has little effect on 
the momentum flux through the canopy but does affect the axial volume flow: higher velocity
28
ratios tending to give increased volume flow.
Experience gained from these experiments suggests that in future work particular attention should 
be paid to the ease of obtaining sufficient data points in the axial direction of the jet through the 
canopy and to ensuring that the sampling frequency is sufficiently high to capture the structure 
of the flow fully. In addition it is felt that changing the design of the artificial canopy would 
produce a flow with less transverse variability, thus simplifying its measurement.
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Appendix A FORTRAN code to produce ensemble average velocity time series
1 C PROGRAM TO MATCH ULTRASONIC ANEMOMETER DATA FILES
2 C FROM ACC DYNAMIC TEST RESULTS
3 C MODE 1 SONIC ANEMOMETER DATA AS INPUT
4 C
5  c *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *
6  C
7 CHARACTER TN* 2,OUT1* 9
8 REAL U(10,-1000:2000),V(10,-1000:2000)
9 INTEGER N UM(10),M AX(10),MCOR(10)
10 PRINT*
11 999 P R I N T * E n t e r  the test number1
12 READ(*,'(A)')TN
13 OUTl='AVE'//TN//'.TXT'
14 OPEN (UNIT=2,FILE=OUTl,STATUS='UNKNOWN')
15 PRINT*
16 DO 99 LP = 0,3
17 CALL DATAIN (TN,U,NUM,MAX,LP,V)
18 CALL REAR1 (U,NUM,MAX,V)
19 CALL MATCH (U, NUM, MCOR, MAX)
20 CALL REAR1 (U,NUM,MCOR,V)
21 CALL AVERAGE (U,NUM,V)
22 99 CONTINUE
23 CLOSE (UNIT=2,STATUS=1 KEEP 1)
24 GOTO 999
25 STOP
26 END
27 C
28 C******** SUBROUTINE TO INPUT DATA *********
29 C
30 SUBROUTINE DATAIN (TN,U,NUM,MAX,LP,V)
31 CHARACTER TN*2,INI*10,RNF*1,RNS*1
32 REAL U(10,-1000:2000),V(10,-1000:2000)
33 INTEGER N U M (10),M AX(10)
34 10 FORMAT -(11//)
35 WRITE(2,10) LP ’
36 DO 1 MM=1,10
37 M=(LP*10)+MM
38 I=(M-1)/10
39 J=M-1-(1*10)
40 IF (J.EQ.9) THEN
41 RNF=CHAR(1+49)
42 RNS=CHAR(J+39)
43 . ELSE
44 RNF=CHAR (1+48)
45 RNS=CHAR(J+49)
46 ENDIF
47 IN1='T '//TN//'R '//RNF//RNS//' .DAT 1
48 WRITE(*,1(A)1) INI
49 OPEN(UNIT=1,FILE=IN1,STATUS='UNKNOWN')
50 READ(1,1(A)') HI,H2,H3,H4
51 ING=1
52 DO 2 N=1,1050
53 READ(1,*,END=2 0 0) U(M,N) ,V(M,N)
54 V (M,N) = -V (M,N)
55 IF (U(M,N).G T .U(M,ING)) THEN
56 ING=N
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57 END IF
58 2 CONTINUE
59 200 CLOSE (UNIT=1,STATUS=1 KEEP ')
60 NUM(MM)=N
61 MAX(MM)=ING
62 C PRINT*,N,ING
63 c PRINT*,NUM(MM),MAX(MM)
64 1 CONTINUE
65 RETURN
66 END
67 c
68 C**************sUBROUTINE TO MATCH DATA SETS********************
69 C
70 SUBROUTINE MATCH(U,NUM,MCOR,MAX)
71 INTEGER N U M (10) ,MCOR(10),MAX(10)
72 REAL U(10,-1000:2000)
73 DOUBLE PRECISION SUM(-60:60)
74 MCOR(1)=MAX(1)
75 DO 1 M=2,10
76 IGH=NUM(M)
77 PRINT*,11-M,ING
78 ING=-60
79 DO 2 I=-60,60
80 SUM(I)=0
81 DO 3 N=1,IGH
82 NN=N+I
83 IF (NN.LT.l) THEN
84 U(M,NN)=U(M,1)
85 ELSEIF (NN.GT.IGH) THEN
86 U(M,NN)=U(M,IGH)
87 END IF
88 SUM(I)=SUM(I)+(10000*U(1,N)*U(M,NN))
89 3 CONTINUE
90 IF (SUM(I).GT.SUM(ING)) THEN
91 ING=I
92 END IF
93 2 CONTINUE
94 MCOR(M)=MCOR(1)+ING
95 1 CONTINUE
96 RETURN
97 END
98 . C
99 C***************sUBROUTINE TO REARRANGE DATA******************
100 C
101 SUBROUTINE REAR1(U,NUM,MAX,V)
102 INTEGER NUM(10),MAX(10)
103 REAL U (10,-1000:2000),U2(1050),V(10,-1000:2000),V2(1050)
104 DO 1 M=2,10
105 NDIF=MAX(1)-MAX(M)
106 IGH=NUM(M)
107 DO 2 N=l,IGH
108 JAC=N-NDIF
109 IF (JAC.LT.l) THEN
110 U(M,JAC)=U(M,1)
111 V(M, JAC) =V(M, 1)
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112 ELSEIF (JAC.GT.IGH) THEN
113 U(M, JAC) =U(M, IGH)
114 V(M, JAC) =V(M, IGH)
115 END IF
116 U2 (N) =U(M, JAC)
117 V2 (N) =V(M, JAC)
118 2 CONTINUE
119 DO 3 N=1,IGH
120 U (M, N) =U2 (N)
121 V (M, N) =V2 (N)
122 3 CONTINUE
123 1 CONTINUE
124 RETURN
125 END
126 C
127 c****************SUBROUTINE TO AVERAGE TEN ENSEMBLES**********
128 C
129 SUBROUTINE AVERAGE (U,NUM,V)
130 INTEGER NUM(10)
131 REAL U(10,-1000:2000),V(10,-1000:2000)
132 10 FORMAT (6F10.3)
133 DO 1 N=1, NUM (1)
134 SUM=0
135 SUMV=0
136 DO 2 M=1, 10
137 SUM=SUM+U (M,N)
138 SUMV=SUMV+V (M, N)
139 2 CONTINUE
140 AV=SUM/10
141 AW=SUMV/10
142 SUM2 = 0
143 SUM2V=0
144 DO 3 M=1, 10
145 VAR=U (M, N) -AV
146 VAR=VAR* * 2
147 VAR=VAR/9
148 SUM2=SUM2 +VAR
149 VAR=V (M, N) - A W
150 VAR=VAR* * 2
151 VAR=VAR/9
152 SUM2V=SUM2V+VAR
153 3 CONTINUE
154 . SE=(SUM2/10)**0 . 5
155 UH=AV+SE
156 UL=AV-SE
157 SEV=(SUM2V/10)**0 .5
158 UHV=AW+SEV
159 ULV=AW- SEV
160 WRITE (2,10) AV, UH, UL, A W , UHV, ULV
161 1 CONTINUE
162 RETURN
163 END
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yttyp
» ■ stationary source - «■ moving source
Figure El Comparison o f enemble averaged velocity time series for jet from moving and
stationary sources, x s/x r = 0.76, y s/yp = 0
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yf/yP
■—♦■■stationary source ■ *■  moving source
yr/yP
stationary source ■ « ■ moving source
Figure E2 Comparison o f enemble averaged velocity time series for jet from moving and
stationary sources, x s/xr = 0.76, y s/yp = 0.2
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y t/ y P
— •— stationary source - *  - moving source
yr/yP
— ►— stationary source - *  - moving source
Figure E3 Comparison o f enemble averaged velocity time series for jet from moving and
stationary sources, x s/x r = 0.76, y s/yp = 0.4
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y ( / y P
■ « stationary source - « - moving source
y f/ y P
stationary source - ■ - moving source
Figure E4 Comparison of enemble averaged velocity time series for jet from moving and
stationary sources, x s/x r = 0.76, y s/yp = 0.6
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y ( / y P
■—♦— stationary source - « - moving source
Figure E5 Comparison of enemble averaged velocity time series for jet from moving and
stationary sources, x s/x r = 0.76, y s/yp = 0.8
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Figure E6 Comparison of enemble averaged velocity time series for jet from moving and
stationary sources, x s/ x r = 1.76, y s/yp = 0
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Figure E7 Comparison of enemble averaged velocity time series for jet from moving and
stationary sources, x s/xr = 1.76, y s/y p = 0.2
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Yftyp
stationary source - « -  moving source
yf/yP
1 « -stationary source - *  ■ moving source
Figure E8 Comparison of enemble averaged velocity time series for jet from moving and
stationary sources, x s/xr = 1.76, y s/yp = 0.4
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10
yf/yP
20
-stationary source - « - moving source
Figure E9 Comparison of enemble averaged velocity time series for jet from moving and
stationary sources, x s/x r = 1.76, y s/yp = 0.6
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yAp
stationary source - « - moving source
y f/ y P
— stationary source - « - moving source
Figure E10 Comparison of enemble averaged velocity time series for jet from moving and
stationary sources, x s/x r = 1.76, y s/yp = 0.8
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ABSTRACT
This report outlines work carried out during the period October 1997 - March 1998. A 
summary of the objectives set out in the 36 month report is given, together with the progress 
towards these objectives. The work planned for the final six month period up to October 1998 
is described.
1. SUMMARY OF OBJECTIVES FROM THIRTY SIX MONTH REPORT
Several specific objectives were identified in the 36 month report (Cant, 1997) for the period 
October 1997 - March 1998. These were:
1.1 Experimental
Measurements at the University of Surrey, of the jet impinging upon single screens, was to be 
completed in October 1997. It was then intended to commence a study of the behaviour of 
jets impinging on multiple screens, to determine how the hydraulic porosity of multiple 
screens relates to that for single screens.
1.2 Information gathering on pest control practices in orchards
Help was to be sought from people with experience of orchard management and from people 
with experience in conducting surveys.
1.3 Modules and reports
The final EngD compulsory module, “Talking to the Media,” was scheduled for the week of 
27-31 October 1997.
Work was to continue on preparing draft papers and reports for all the experimental work 
carried out to date.
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2. SUMMARY OF PROGRESS TOWARDS OBJECTIVES
2.1 Experimental
During October measurement of the thin jet at the University of Surrey was completed. This 
included measurements of the U-component of velocity for the free jet and for the 0.43 and
0.35 blockage area ratio screens. In addition measurements of the V-component of velocity 
were made for selected cases. For the solid wall V-component velocities were measured 
along three stream-wise cross sections (y = 200, 300 and 400 mm) and also along the locus of 
points described by y = 2.5yh, where yh is the position where U = 0.5Um. It was assumed that 
there was a condition of symmetry, thus allowing measurements to be made at one side of the 
jet only. Similar measurements were made for the 0.6 and 0.5 blockage area ratio screens. In 
these cases it was necessary to make measurements upstream and downstream of the screen. 
For the 0.43 blockage area ratio screen there appeared to be no wall jet formation, making it 
uninstructive to make V-component measurements at the sections used for the other jets. 
However, measurements were made along the locus of points described by y = 2.5yh. No V- 
component measurements were recorded for the 0.35 blockage area ratio screen.
In a meeting between Ross Cant, Professor Castro and Dr Walklate, held on 24 November 
1997, the subject of the experimental programme for the remainder of the project was 
discussed. A number of suggestions were tabled, including:
a. Flow visualisation of the cases for which measurements have been made at the 
University of Surrey
b. Measurements of the University of Surrey jet impinging upon multiple screens
c. Measurements of a wide jet at Silsoe Research Institute impinging on multiple screens
d. Measurements of the air jet from an orchard sprayer penetrating a plant canopy under 
field conditions
e. Flow visualisation of a wide jet at Silsoe Research Institute, impinging on the same 
screens as used in the University of Surrey experiments, and also impinging on 
multiple screens.
It was decided that points a. and e. would be pursued and the others would be dropped. This 
combination should give results that will go some way to showing the behaviour of jets 
impinging on distributed blockage elements, as in plant canopies, without introducing 
problems with more complex measurement methodologies. Any of the remaining time to be 
spent at the University of Surrey will thus be devoted to the flow visualisation, as described 
under a. above, and to tying up any loose ends in the existing data for the single screens. It 
was felt that it would be unrealistic to commence any field experiments at this stage due, 
principally, to the complexity of instrumentation required to make worthwhile measurements 
and the manpower requirements.
In the light of this decision a new jet rig has been designed and assembled at Silsoe Research 
Institute, for the purpose of flow visualisation (fig 2.1). This has been designed to allow the 
jet to impinge on the screens used in the University of Surrey jet rig, either in isolation or in 
groups, and for the results to be recorded by still or video camera. The size of the rig was to
3
be large enough to allow development of the large scale structures, which previous 
visualisations have suggested exist. The jet was produced using the same cross flow fans as 
used in previous experiments at Silsoe Research Institute. However, a modified plenum 
chamber was constructed to give a greater distance for the flow to settle between the fans and 
the outlet.
Work is continuing on recording the flow patterns produced by this rig.
2.2 Information gathering on pest control practices in orchards
Alternative formats for a questionnaire to be circulated to growers were drawn up. These draft 
questionnaires were shown to Jerry Cross of Horticulture Research International, an 
entomologist with experience of carrying out surveys of growers. He gave useful feedback on 
the content of the questionnaire, which was then modified in light of his recommendations. 
The questionnaire was sent out on 20 February 1998 to 25 growers in Kent, selected to reflect 
the geographical distribution of growers. A reminder was sent out to those who had not 
replied by 10 March 1998. Copies of the questionnaire and covering letters are contained in 
appendix 1. The return of the remaining questionnaires is still being awaited, after which the 
results will be analysed.
2.3 Modules and reports
The Talking to the Media module was attended from 27-31 October 1997 and the assignment 
for this module, preparation of a promotional video for the EngD programme by a team of 
eight research engineers including myself, was completed by 19 December 1997.
An extended abstract has been prepared and submitted for oral presentation at the 4th UK 
conference on wind engineering. The paper concentrates on presentation and deductions 
from the volume flux measurements, made at the University of Surrey, of the thin jet 
impinging on single porous screens.
A paper is under preparation for submission to Experiments in Fluids, which will cover the 
results from the University of Surrey thin jet rig in full.
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Figure 2.1 Silsoe Research Institute jet flow visualisation rig
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3. OBJECTIVES TO BE MET BY OCTOBER 1998
3.1 Experimental
The flow visualisation experiment at Silsoe Research Institute described in section 2.1 is 
continuing and will be completed by 10/4/98. The flow visualisation and further measurement 
of the thin jet at the University of Surrey will take place over six weeks during the Summer. 
The exact dates are yet to be finalised and will be dependant upon the availability of 
accommodation at the University and on the availability of equipment in the Laboratory. 
Accommodation on campus is not available until after 8/6/98.
3.2 Information gathering on pest control practices in orchards
The returned questionnaires will be coded and the results analysed by 29/5/98.
3.3 Modules and reports
All the EngD modules and assignments have now been completed. A paper is under 
preparation for Experiments in Fluids, which will cover the results from the University of 
Surrey thin jet rig in full. Assuming that the extended abstract submitted to the 4lh UK 
conference on wind engineering is accepted, then a full paper will need to be prepared for 
submission on 31/7/98
All the work carried out for the EngD will have to written up, for submission of the portfolio 
by 30/9/98.
7. REFERENCES
Cant, R.J. (1997) “36 month report” EngD portfolio, University of Surrey, Guildford. 23pp.
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KEYS FOR QUESTIONNAIRE
Sprayer Types
(1) Basic Axial
(2) Axial + Ducts
Nozzle Types
(1) Hollow Cone
7ft !
(3) SPVType
(4) Pneumatic
(eg Tecnoma Pulsar)
(2) Flat Fan
<1 I
(5) Tunnel
(6) Tower
(3) Rotary Atomiser
r - n
(7) Double Axial
(8) Cross Flow 
(eg Holder)
(4) Spinning Disc
I
(9) Double Cross Flow
(10) Electrostatic 
(eg Kinkelder)
n
(5) Air Shear
(11) Other (please describe or illustrate) (6) Other (please describe or illustrate)
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Direct F ax No: 01525 861697
Our Ref: cag344/RC/HR 
20 February 1998
MELD(1§
Dear 11111121
I am writing to request your assistance in a survey, seeking information on the type of machinery being used 
by growers, for the application of fungicides and insecticides in apple and pear orchards.
Silsoe Research Institute is involved in work for MAFF, to develop more efficient methods of operation for 
orchard sprayers. We are carrying out this survey to gain information on current methods of sprayer 
operation, and the uptake of new machinery.
I would be most grateful if you could spare the time to complete the questionnaire and return it to me in the 
postage-paid envelope enclosed, by 6 March. Alternatively, you can fax your response to the number on the 
form. Be assured that we will hold details about individual growers in the strictest confidence. I have 
included your name on the form purely for my own benefit in monitoring the return of the forms.
Thank you in anticipation of your co-operation. If you require further information, please do not hesitate to 
contact me on the above number.
Yours sincerely
Ross Cant
Chemical Application Group 
Process Engineering Division
Encs
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Direct Fax No: 01525 861697
Our Ref: cag374/RC/HR
10 March 1998
I wrote to you two weeks ago, requesting your assistance in a survey seeking information on the type of 
sprayers being used by apple and pear growers, for the application of fungicides and insecticides to these 
crops. As I have not yet received your reply I am writing again, to encourage you to fill in and return the 
questionnaire. The results of this survey will be useful to us in suggesting how more efficient methods of 
sprayer operation, that will be acceptable and practical to growers, could be introduced. We see your views 
on this as being extremely important.
I would be most grateful if you could spare the time to complete the questionnaire and return it to me in the 
postage-paid envelope enclosed, by 20 March. Alternatively, you can fax your response to the number on 
the form. Again I want to assure you that we will hold details about individual growers in the strictest 
confidence. I have included your name on the form purely for my own benefit in monitoring the return of the 
forms.
Thank you in anticipation of your co-operation. If you require further information, please do not hesitate to 
contact me on the above number.
Yours sincerely
Ross Cant
Chemical Application Group 
Process Engineering Division
Encs
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ABSTRACT
This report outlines work carried out during the period April 1997 - September 1997. A 
summary of the objectives set out in the 24 month report is given, together with the progress 
towards these objectives. The work planned for the next six month period up to April 1998 is 
described. Detailed reports are provided on a number of activities carried out during the 
period. The EPSRC graduate school, which was attended in July, is described, the algorithms 
being used to analyse velocity profile data obtained with the LDA are documented, and a 
review is given of all the experimental work carried out to date and how these experiments 
are interrelated.
1. SUMMARY OF OBJECTIVES FROM THIRTY MONTH REPORT
Several specific objectives were identified in the 30 month report (Cant, 1997) for the period 
April 1997 - September 1997. These were:
1.1 Experimental
The single plane jet impingement experiment, as described in section 4 of the 30 month 
report, was to be conducted during July and August. It was intended that the isotropic canopy 
experiment (Cant 1996) would be planned and commenced in April, May, and June and 
completed in September and October.
1.2 Information gathering on pest control practices in orchards
The prototype questionnaire was to be finalised, a sample group identified, and test 
interviews were to be underway.
1.3 Modules and reports
The Environmental Economics and the Sociology II compulsory modules were scheduled for 
this period. In addition a place had been booked on the EPSRC graduate school.
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2. SUMMARY OF PROGRESS TOWARDS OBJECTIVES
2.1 Experimental
A traverse system for the Laser Doppler Anemometer (LDA) probe was designed and built 
during April and May. This was based on an old piece of apparatus available in the lab and a 
section of optical bench to give accurate horizontal and vertical traversing of the probe.
The preliminary comparison of the jet impinging on screens with similar porosity but 
different screen structures was completed in May at Silsoe Research Institute. Measurements 
were made both with a fixed ultrasonic anemometer measuring velocity time series for a 
moving jet source (similar to the measurements in the ACC) and with an LDA probe logging 
sufficient samples at a number of points across the jet produced by a stationary source to give 
profiles of the statistical mean velocity for each screen.
The main experiment with the thin jet rig at the University of Surrey commenced in June. 
Prior to this, in April, some measurements were made of the jet impinging on a solid wall. 
These measurements were primarily for inclusion in Inaki Guridis’ report detailing the design 
of the thin jet rig (Guridi, 1997). To date measurement of the free jet and the jet impinging 
upon a solid wall have been made at a small number of points to allow the jet to be compared 
with previous jet experiments described in the literature and also to establish the limiting 
cases. Screen measurements have been completed for screens of 0.5 and 0.6 blockage area 
ratio. Some time was spent initially, devising a suitable method of seeding the jet with 
particles for successful operation of the LDA.
The plans for the isotropic canopy experiment are yet to be finalised. It was decided that, as 
this experiment progresses naturally from the single plane jet impingement experiment, it 
would be counter productive to start the isotropic canopy experiment before the measurement 
of the jet impinging upon single layers of blockage has been completed.
2.2 Information gathering on pest control practices in orchards
There has been no progress on this item.
2.3 Modules and reports
The Environmental Economics module was attended from 14-18 April 1997. The Sociology 
II module was attended from 3-6 June 1997. Assignments have been submitted for both of 
these modules. In addition the EPSRC Graduate School was attended from 17-22 July 1997.
2.4 Work additional to the objectives laid out in the 24 month report
Consideration has been given to the averaging method used in calculating the momentum flux 
integrals in the artificial crop canopy (ACC) experiment. This work is still ongoing. A paper 
was written for the 1997 EngD conference (16-17 September 1997) at which a poster was 
presented. A ten minute presentation on the work being carried out on jets impinging on
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single layers of blockage was given to the Wind Engineering Society at the Institute of Civil 
Engineers in London on 10 September 1997. FORTRAN code has been written to aid 
processing of the jet profile data obtained from the LDA.
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3.1 Experimental
The measurements of the jet impinging upon single screens will be completed in October 
1997. Work will then commence on the behaviour of jets impinging on multiple screens to 
determine how the hydraulic porosity of multiple screens relates to that for single screens.
3.2 Information gathering on pest control practices in orchards
Help should be sought from people with experience of orchard management and from people 
with experience of conducting surveys.
3.3 Modules and reports
There are no module assignments outstanding at present. The final EngD compulsory module 
is scheduled for the coming period:
Talking to the Media (27-31 October 1997)
Work will continue on preparing draft reports for all the experimental work (section 6) 
carried out to date.
3. OBJECTIVES TO BE MET BY April 1998
4
4. EPSRC GRADUATE SCHOOL
Although the EPSRC graduate school was not taken as an elective module it is worthy of 
mention in this 36 month report as it was undoubtedly a useful experience.
The EPSRC graduate school is an intensive, five day, residential course for postgraduate 
students which aims to develop personal skills and give insight into alternative career paths. 
Team work is the foundation of the course, which employs numerous role play exercises to 
develop skills such as negotiation, team working, communication, time management, 
prioritisation, presentation, interview technique, marketing etc.
At first glance it would appear to duplicate much of the training in transferable skills already 
supplied by the EngD programme. However, the graduate school did have something extra to 
offer. The format of the course was quite similar to that used in a lot of the EngD modules: 
initial presentations to get over the information, followed by group work where that 
information could be applied. I found it interesting to apply the skills I have developed on the 
EngD modules to working with a group of people who, certainly at the start of the week, were 
complete strangers.
There were a few topics covered that have not been dealt with in the EngD modules: 
negotiation, listening, questioning and feedback, and job hunting skills. I found the way that 
the marketing was handled in this course a useful addition to the distance learning course 
completed for the EngD module. This involved a case study where the group had to decide on 
changes in the product line and positioning for a company manufacturing under-arm 
deodorants. The culmination of this exercise was the production of a 30 second advert by 
each group, for the product which they had decided to promote. As I am approaching the last 
year o f the EngD programme I found it useful to receive coaching on job hunting skills. The 
course included a mock interview, for which it was necessary to fill out a standard application 
fonn, and a mock assessment centre. The participation of young, employed, graduates as 
tutors and executives gave a further opportunity to gain insight into what a wide range of 
employers are looking for from prospective employers
In summary I feel that the five days taken by this course was time well spent and that, 
although on the surface it would seem to overlap with much of the content of the EngD 
modules, it was useful to practise and experiment with personal skills whilst working with an 
unfamiliar group of people.
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5. PROCESSING OF JET PROFILE DATA OBTAINED WITH THE LDA
FORTRAN code has been written to ease manipulation of the mean and fluctuating velocity 
data produced by Dantee’s Floware software. The program reads the ASCII format moments 
file and a separate file, containing the mean outlet velocity, obtained from a total head tube 
and micro manometer, corresponding with each point across the jet profile. The mean 
velocity from the LDA is normalised by this outlet velocity, before the position and value of 
the peak normalised velocity and the position of the points where the normalised velocity 
equals half the peak normalised velocity are found. These normalised velocity and length 
scales are then used to create mean and fluctuating velocity profiles normalised by the 
appropriate velocity and length scales. In addition the mean velocity profile, normalised by 
the outlet velocity only, is integrated to give the normalised volumetric and momentum flux 
integrals at each section of the jet. All the data is output in a format suitable for easy input to 
a spreadsheet.
The aim of normalising by the outlet velocity before carrying out the calculations is to 
compensate for any small fluctuations in the jet outlet velocity between measurement points 
across the profile. The algorithms used in the program are shown below and the code which 
implements these algorithms is contained in appendix 1. Figure 5.1 shows an example of a 
velocity profile and some of the terminology.
5.1 Algorithms to calculate velocity scales, length scales and flux integrals
5.1.1 Determination o f  maximum normalised mean velocity position and value (the velocity 
scale)
To correct for small changes in the outlet velocity between measurement points across the 
profile, the velocities are normalised by the outlet velocity. The maximum value that the 
normalised mean velocity takes across the profile is then found and defined as the velocity 
scale.
a - ( - )  s i1 U
\  0 /  i
CO. =
u
U 5.20/ i
Q max 5.3
where U, u and U0 are the mean velocity, the rms velocity, and the outlet velocity for point i 
on the profile respectively. Qj denotes a mean velocity normalised by the outlet velocity for 
that point, o>£ denotes an rms velocity normalised by the outlet velocity for that point, and Qn
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5.1.2 Determination o f  points where the normalised velocity equals 0.5 Q„,
These points are found by linear interpolation between the points either side of the peak 
where two adjacent values of Q bracket the value 0.5 Qm
0.5Q -Q
b = y  +--- 2------  ( y  - y  ) 5 4
+ Q - Q  y '} •
b  a
is the maximum value the normalised mean velocity takes across the profile.
0.5Q -Q
5-5d  c
where subscripts a and b refer to points bracketing 0.5 Qm to the right of Qm, subscripts c and 
d refer to points bracketing 0.5 Qm to the left of Qm, and b+ and b. are the distances from the 
measurement centre line to the points where Q = 0.5 Qm, either side of Qm.
5.1.3 Calculation o f  length scale
The length scale normally used when dealing with jets is the position from the jet centre line 
to the point where U = 0.5Um. In these experiments the jet centre line was falling slightly as it 
travelled from the jet outlet. To overcome this the position of y = 0 was defined as the centre 
point between the positions b+ and b., and the length scale was defined as half the distance 
between these points.
b + b
y = —   5.6m r>
b -  b_
yh = 5-7
where ym is the position of the centre line offset from y = 0 and yh is the characteristic length 
scale of the jet.
5.1.4 Calculation o f  velocity profiles normalised by the velocity and length scales
Normalising values of y by the length scale, yh, and values of Q and g> by the velocity scale, 
Qm, will allow profiles to be plotted to determine if the profile similarity condition is being 
met.
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5.8
5.9
U:
Qm
5.10
where U and u are the mean and rms components of velocity respectively and the superscript 
* denotes a value normalised by the appropriate scale.
5.1.5 Calculation o f  flux  integrals
The normalised flux integrals are calculated by numerical integration of the normalised 
velocity profile using the trapezoidal rule. This normalisation allows comparison between 
tests where there is a significant difference in the outlet velocity. It is assumed that the jet has 
a top hat velocity profile at the outlet which results in the following expressions for the 
integrals:
where Q/Q0 and M/M0 are the normalised volumetric and momentum flux integrals 
respectively and h is the jet outlet width.
5.11
5.12
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Figure 5.1 Terminology used with jet velocity profile obtained with the LDA
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6. REVIEW OF EXPERIMENTAL WORK TO DATE
A large body of experimental work has been carried out on this project to date. Some of this 
is still ongoing, some has been completed but still requires further analysis, and some has 
been completed entirely. It would seem useful at this stage to summarise the experimental 
work to date and to examine the interrelationships between each individual experiment. Each 
discrete experiment will be described briefly in the chronological order that the measurements 
were recorded, before going on to discuss the interrelationship between each piece of work 
and the documents which contain information on them. Unless otherwise stated these 
experiments have been carried out at Silsoe Research Institute.
6.1 Summary of the individual experiments
6.1.1 Wide je t from stationary source directed at ACC - ultrasonic anemometer (UA) 
measurement
The air jet was produced through a rectangular outlet 600 mm long by 90 mm wide (aspect 
ratio 6.67:1) by a single cross flow fan producing a skewed velocity profile with peak 
velocity of 10.8 ms"1. This jet was directed at an artificial crop canopy (ACC) with initial 
ratio of jet width to blockage repetition distance of 0.75 (based on the width of the jet into 
free surroundings at the point where the first row of the canopy would be with the width 
defined as the distance between the points on the profile where U = 0.5Um). Velocity profiles 
were recorded with a three dimensional ultrasonic anemometer (UA) at two distances through 
the canopy for the jet outlet fixed in five positions relative to the blockage elements on the 
first row of the canopy.
6.1.2 Wide je t from moving source directed at ACC - UA measurement
This used the same air jet arrangement as for the air jet from a stationary source penetrating 
the ACC, and the same arrangement of the artificial canopy. In this case, however, the jet 
source traversed past the screen while the velocity was logged with the ultrasonic 
anemometer at a fixed point within the canopy. Velocity time series were logged at three 
distances from the jet outlet and at five lateral positions for each distance from the outlet.
This was repeated for four jet source traverse speeds giving ratios of outlet peak velocity to 
jet source speed of 34, 20, 10, and 5. The aim of making velocity measurements at a number 
of lateral positions was to allow calculation of temporal and spatially averaged velocity scales 
and flux integrals for the jet flow through the canopy.
6.1.3 Wide je t from moving source into free surroundings - UA measurement
Again this used the same jet arrangement but the canopy was removed to determine how the 
jet would develop in the absence of obstruction. Measurements were made at similar velocity 
ratios and distances from the outlet as for the jet from moving source penetrating the ACC. 
Additional points were obtained with a velocity ratio of 34 to clarify the behaviour of the free 
jet.
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6.1.4 Wide je t from moving source directed at solid wall - UA measurement
A modified air jet was used in this experiment. The outlet was 100 mm wide by 600 mm long 
(aspect ratio 6:1) and was fed by two cross flow fans resulting in a near uniform outlet 
velocity o f 10.74 ms'1. The jet was directed vertically towards the floor of the laboratory and 
the outlet was 1.15 m from the floor or 11.5 outlet widths downstream from the outlet. 
Velocity time series were measured, as before, with the ultrasonic anemometer at 19 positions 
between the outlet and the wall.
6.1.5 Wide je t from fixed source directed at single screens - flow  visualisation
The jet produced by two fans, described above, was directed at a variety of single screens 
positioned normal to the jet axis 0.43 m, or 4.3 outlet widths, downstream of the outlet. 
Beyond the screen the floor of the laboratory was 1.55 m, or 15.5 outlet widths, downstream 
from the outlet. The screens were constructed from mesh grid to which strips of tape were 
added to increase the blockage area ratio. Four blockage area ratios were investigated (0.24,
0.43, 0.49, and 0.62) as well as the jet with no obstruction. Flow visualisation was achieved 
by feeding smoke through the fan inlets, placing a black background behind the jet, and 
lighting the jet from either side by floodlight. Photographs were then taken to record the 
images.
6.1.6 Wide je t from moving source directed at single screens - UA measurement
The jet produced by the twin fan arrangement was directed at single screens positioned 0.5 m, 
or 5 outlet widths, from the outlet. Beyond the screen the floor of the laboratory was at 1.25 
m, or 12.5 outlet widths, from the outlet. The screens were again created by sticking 
additional blockage elements onto a basic mesh grid. Four screens were used which gave 
combinations of two blockage area ratios and two blockage element arrangements. For each 
screen velocity time series were recorded at identical positions before and after the screen as 
the jet source traversed across the screen at 0.2 ms'1 (velocity ratio of 54).
6.1.7 Wide je t from fixed source directed at single screens - LDA measurement
The twin jet arrangement was used again. The screens were located 0.6 m, or 6 outlet widths, 
from the outlet, and the floor was 1.55 m, or 15.5 outlet widths, from the outlet. The jet 
source was held stationary and velocity profiles were logged at a number of distances from 
the outlet both before and after each screen with a single component laser doppler 
anemometer (LDA). At each point on the profile 500 samples were obtained with the LDA to 
allow calculation of the statistical mean and fluctuating components of velocity.
6.1.8 Thin je t from moving source directed at single screen - LDA measurement
This experiment was carried out using a large aspect ratio jet constructed at the University of 
Surrey. The jet was produced through an outlet 600 mm long by 6 mm wide (aspect ratio 
100:1). The outlet velocity was assumed to be uniform and could be varied by altering the 
speed of the wind tunnel motor. For this experiment the outlet velocity was held at nominally
11
40 m s'1. The screens were positioned 0.5 m (or 83 outlet widths) downstream of the outlet 
and were constructed from sheets of perforated plates giving blockage area ratios of 0.5 and
0.6. This work is continuing and, in the immediate future, will investigate screens with 
blockage area ratios of 0.35 and 0.43. Velocity profiles are again logged with the LDA in a 
similar manner to the experiment carried out with the low aspect ratio jet at Silsoe Research 
Institute.
6.2 Interrelationships between individual experiments
The experiments can be divided into groups based on the outlet characteristics of the jet 
involved (figure 6.1). This gives three groups: the low aspect ratio jet produced by a single 
fan, the low aspect ratio jet produced by two fans, and the high aspect ratio jet.
The first group, with the low aspect ratio (6.67:1) jet produced by a single cross flow fan, 
consists o f three experiments, which may be compared to determine the difference in flow 
structure between a free jet and a jet penetrating an artificial canopy and also what effect the 
forward speed of the jet source has on the flow.
The second group, comprising experiments with the low aspect ratio (6:1) jet produced by 
two cross flow fans, may be compared to determine the flow behaviour of a jet impinging on 
a single layer of blockage, how this behaviour is affected by the blockage area ratio and the 
arrangement of the blockage elements on the screen. Within this group three different 
measurement methodologies have been used, namely flow visualisation, recording of velocity 
time series for a moving jet source with an ultrasonic anemometer, and measurement o f 
velocity profiles for a fixed jet source with a single component LDA (division of the 
experiments into groups based on the measurement methodology is shown in figure 6.2). It 
will therefore be possible to compare measurement methodologies to determine if they give 
consistent results and there will be implications for the method used to process the data 
obtained by the ultrasonic anemometer for a moving jet source obtained in the first group of 
experiments. The use of flow visualisation gives a broader understanding of the flow 
behaviour than can be efficiently obtained by velocity measurement.
The final group, comprising experiments being carried out at the University of Surrey with 
the high aspect ratio jet, includes measurement of the free jet, of the jet impinging on a solid 
wall, and of the jet impinging on screens of varying porosity. All measurements within this 
group are of the jet from a fixed source with velocity profiles obtained with a one component 
LDA. These experiments provide information on the fundamental two dimensional jet 
impinging on screens and how the flow structure is influenced by the blockage area ratio. The 
results from these experiments may be compared with those for the low aspect ratio jet to 
determine what differences there are in the flow behaviour due to the width of the jet and 
three dimensional effects.
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None of the experiments listed above have been fully reported, although aspects of each 
experiment have been used for EngD conference papers and have also been mentioned in 
previous 6 monthly reports. The documents which describe, or make reference to the various 
experiments are shown below in table 6.1.
6.3 Reporting of experiments
Experiment
number
Documents
1 6,18, 24 month report. EngD conference ‘95, ‘96.
2 6,18, 24 month report. EngD conference ‘95, ‘96.
3 18, 24 month report. EngD conference ‘96.
4 EngD conference ‘96.
5 24, 30 month report. EngD conference ‘97.
6
7 24, 30 month report. EngD conference ‘97.
8 24, 30 month report. EngD conference ‘97.
Table 6.1 Documents containing information on experimental work carried out to date.
6.4 Conclusions
The data obtained from the experiments described above require further analysis to allow the 
comparisons outlined in section 6.2 to be made. The aim of future experimental work will be 
to link the results of the laboratory experiments already conducted to field conditions. Exactly 
how this will be achieved is yet to be finalised but it is expected that it will involve a 
combination of further measurements of jets impinging on porous bodies in the laboratory, 
and measurements made for orchard sprayer jets impinging on plant canopies in the field.
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Figure 6.1 Experiments to date, grouped by jet outlet characteristics
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Figure 6.2 Experiments to date, grouped by measurement methodology
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Appendix 1 FORTRAN code to analyse velocity profiles obtained with LDA
1 C Program to: * read LDA data file and related outlet velocity file
2 C * calculate velocity and length scales
3 C * calculate flux integrals
4 C * output data to file MMDD NNP.TXT
5 C
r16 L.
7 c CHARACTER
8 c
9 c H (7) title header from top of moments file
10 c CT (9) title of columns in moments file
11 c CU (9) units of columns in moments file
12 c FNAME basic file name
13 c INI moments file name
14 c IN2 outlet velocity file name
15 c OUT1 output file name
16 c
17 c INTEGER
18 c
19 c NDATA(72) point number in moments file
20 c NTOT total number of points in data file
21 c NMAX point where the maximum velocity occurs
22 c
23 c REAL
24 c
25 c DATA(72,9) value of moments from moments file
26 c UMAX value of the maximum velcoity
27 c BNEG distance to 0.5Umax from y=0 in negative direction
28 c BPOS distance to 0.5Umax from y=0 in positive direction
29 c YO position of symmetry for BNEG and BPOS
30 c YH half the distance between BNEG and BPOS
31 c FLVOL normalised volumetric flux integral
32 c FLMOM normalised momentum flux integral
33 c
34 C**MAIN PROGRAM**MAIN PROGRAM**MAIN PROGRAM**MAIN PROGRAM**MAIN PROGRAM*
35 C
36 CHARACTER H (7)*30,C T (9)*6,C U (9)*6,FNAME*7
37 INTEGER NDATA(72)
38 REAL DATA(72,9),RNDIM ( 1 2 , 3 )
3 9 9 9 9  CALL READATA(H,CT,CU,FNAME,NDATA,DATA,NTOT)
4 0 CALL INPITOT(FNAME,DATA,NTOT)
41 CALL LENGTH_S CALE(DATA,NTOT,NMAX,UMAX,YH,YO)
42 CALL NON_DIM(DATA,NTOT,NMAX,YH,YO,RNDIM)
4 3 CALL INTEGRALS(DATA,NTOT,FLVOL,FLMOM)
44 • CALL WRITE_DATA(FNAME,H,NTOT,NMAX,DATA,YH,YO,FLVOL,FLMOM,NDATA
45 + ,RNDIM)
46 ' GOTO 999
47 •STOP
48 END
49 C
50 C**MAIN PROGRAM**MAIN PROGRAM**MAIN PROGRAM**MAIN PROGRAM**MAIN PROGRAM*
51 C
52 C
53 C
54 C
55 C* * READATA* * READATA* * READATA* * READATA* * READATA* * READATA* * READATA* *READAT
56 C
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57
58
59
60
61
62
63
64
65
66
. 67
68
69
70
71
72
73i 74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
I 89
1 90
91
92
93
94
95
96
97
98
i 99
O^O
101
102
103
104
105
106
107
108
109
110
111
112
113
114
SUBROUTINE READATA(H ,CT,CU,FNAME,NDATA,DATA,NTOT)
CHARACTER H(7)*30,CT(9)*6,CU(9)*6,FNAME*7,IN1*11 
INTEGER NDATA(72)
REAL DATA(72,9)
C
C **basic file name
PRINT*, 1 Enter the moments file name'
PRINT*
READ (* , ' (A) ' ) FNAME 
C FNAME='0806_03'
INI=FNAME//1.TXT1
OPEN (UNIT=1,FILE=IN1,STATUS='OLD')
C **read header
110 FORMAT (IX,A3 0)
READ (l,1(A)') (H(I),1=1,7)
WRITE(*,110) (H(I),1=1,7)
C **read col titles
100 FORMAT (/,A3,7X,3(Al,8X) ,5(A6,4X))
200 FORMAT (/,IX,A3,4X,3 (Al,8X),5(A6,4X))
READ(1,100) (CT(I),1=1,9)
WRITE(*,200) (CT(I),1=1,9)
C **read col dims
300 FORMAT (4X,3(5X, A4) ,2X,2 (5X,A5) ,IX,2 (12X,Al) ,Al)
400 FORMAT (2X,3(5X,A4),3X,2 (4X,A5),2(12X,Al),Al)
READ(1,300) (CU(I) ,1 = 1, 9)
WRITE(*,400) (CU(I),1=1,9)
C **read moments
500 FORMAT (IX,12,8(IX,F 9 .3))
600 FORMAT (IX,12,3(IX,F 8 .2)5(IX,F9.3))
DO 20 1=1,72
READ(1,500,END=930) NDATA(I), (DATA(I,J),J=l,8)
I F (I .N E .1.A N D .NDATA(I).E Q .0) THEN 
GOTO 930 
ENDIF 
NTOT=I
WRITE(*,600) NDATA(I), (DATA(I,J),J=l,8)
IF (I .E Q .11.O R .I .E Q .34.O R .I .E Q .57) THEN 
910 PRINT*,'Press return to continue1
READ (* , 1 (A) 1 ) CONT
IF(CONT.N E .' 1) THEN
GOTO 910 
ENDIF 
ENDIF 
20 CONTINUE
930 PRINT*, 1 Press return to continue'
READ (*, 1 (A) ' ) CONT 
IF(CONT.NE.1 ') THEN 
. GOTO 930
ENDIF
CLOSE (UNIT=1,STATUS='KEEP 1)
RETURN
END
C
C
C
C**INPITOT**INPITOT**INPITOT**INPITOT**INPITOT**INPITOT**INPITOT**INPITO
C
SUBROUTINE INPITOT(FNAME,DATA,NTOT)
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115 CHARACTER FNAME*7,IN2*11,PH*12
116 REAL DATA(72, 9)
|117 IN2=FNAME//' .PIT'
118 OPEN(UNIT=2,FILE=XN2,STATUS='OLD')
119 READ (2, ' (A) ' ) PH
120 100 FORMAT(F4.1)
121 DO 10 1=1,NTOT
122 READ(2,100,END=900) DATA(I,9)
L23 10 CONTINUE
L24 C
L25 C
L26 200 FORMAT (1 Check that the values for y and outlet velocity below ar
jL27 +e correct'/' Outlet velocity file header',A12)
:L28 210 FORMAT (/, IX, 4 (6X, ' y ' , 5X, ' Up ' , 3X) , /)
129 220 FORMAT (IX,4 (F7.1,IX,F5.1,4X))
130 221 FORMAT (IX,3 (F7.1,IX,F5.1,4X))
131 222 FORMAT (IX,2 (F7.1,IX,F5.1,4X))
132 223 FORMAT (IX,(F7.1,IX,F5.1,4X))
133 224 FORMAT (IX)
134 230 FORMAT (' Press return to continue')
135 900 WRITE(*,200) PH
136 WRITE(*,210)
137 DO 20 11=1,18
138 12=18+11
139 13=36+11
140 14=54+11
141 IF(II.GT.NTOT) THEN
142 WRITE(*,224) .
143 ELSEIF(12.G T .NTOT) THEN
144 WRITE(*,223) DATA(II,2),DATA(II,9)
145 ELSEIF(13.GT.NTOT) THEN
3.46 WRITE (* , 222) DATA (II, 2) , DATA (II, 9) , DATA (12 , 2) , DATA (12 , 9)
347 ELSEIF(14.GT.NTOT) THEN
3.48 WRITE (* , 221) DATA (II, 2) , DATA (II, 9) , DATA (12 , 2) , DATA (12 , 9)
349 + ,DATA(13,2),DATA(13,9)
3,50 ELSE
351 WRITE(*,220) DATA(II,2),DATA(II,9),DATA(12,2),DATA(12,9)
352 + ,DATA(13,2),DATA(13,9),DATA(14,2),DATA(14,9)
3 53 ENDIF
354 20 CONTINUE
355 WRITE(*,230)
356 CLOSE(UNIT=2,STATUS='KEEP')
357 READ(*,'(A)') CONT
358 IF(CONT.NE.' ') THEN
359 GOTO 900
160 ENDIF
361 RETURN
3 62 . END
163 C
164 C
365 C
166 C * * LENGTH_S CALE * * LENGTH_S CALE * * LENGTH_S CALE * * LENGTH_S CALE * * LENGTH_S CALE *
367 C
168 SUBROUTINE LENGTH_SCALE(DATA,NTOT,NMAX,UMAX,YH,YO)
169 REAL DATA(72,9)
170 UMAX=DATA(1,4)/DATA(1,9)
371 DO 10 1=1,NTOT -
172 IF (DATA(1,4)/DATA(I,9).GT.UMAX) THEN
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L73 UMAX=DATA (1,4) /DATA (1,9)
174 NMAX=I
' :L75 ENDIF
;L76 10 CONTINUE
: :L77 DO 20 I=NMAX,1,-1
; .7 8 IF (DATA(1,4)/DATA(1,9) .L T .UMAX/2) THEN
;.79 Y1=DATA (1+1,2)
■' :.80 Y2 =DATA(1,2)
;L81 U1=DATA(1+1,4) /DATA(1+1, 9)
; ;.82 U2=DATA (1,4) /DATA (1,9)
‘ :.83 C PRINT* , Y 1 , Y2 , U 1 , U2
:.84 BNEG=Y1+ (UMAX/2-U1) * (Y2-Y1) / (U2-U1)
;.85 GOTO 900
. ;.86 ENDIF
],87 2 0 CONTINUE
n ;.08 900 DO 30 I=NMAX, NTOT
189 IF (DATA(I,4)/DATA(I,9).LT.UMAX/2) THEN
190 Y1=DATA(I-1,2)
3.91 Y2=DATA (1,2)
1.92 U1=DATA (1-1,4) /DATA (I -1, 9)
1.93 U2=DATA(I, 4)/DATA(I, 9)
1 94 BPOS=Yl+(UMAX/2-U1)* (Y2-Y1)/ (U2-U1)
195 GOTO 910
■i 1 96 ENDIF
197 30 CONTINUE
198 910 YO=(BNEG+BPOS)/2
199 YH=(BPOS-BNEG)/2
■200 C PRINT*,NMAX
201 C PRINT*,UMAX*DATA(NMAX,9)
202 C PRINT*,UMAX/2
2 03 C PRINT*,BNEG
204 C PRINT*,BPOS
205 C PRINT*,YO
206 C PRINT*,YH
.207 RETURN
208 END
209 C
210 C
211 C**NON_DIM**NON_DIM**NON_DIM**NON_DIM**NON_DIM**NON_DIM**NON_DIM**NON_DI
212 C .
213 SUBROUTINE NON_DIM(DATA,NTOT,NMAX,YH,YO,RNDIM)
214 REAL DATA(72,9),RNDIM(72,3)
215 DO 10 1=1,NTOT
216 RNDIM(I,1)=(DATA(I,2)-YO)/YH
217 RNDIM (1,2) = (DATA(1, 4) /DATA(1, 9) ) / (DATA (NMAX, 4) /DATA(NMAX, 9) )
218 RNDIM(I, 3) = (DATA(I, 5)/DATA(I, 9) )/(DATA (NMAX, 4)/DATA (NMAX, 9) )
219 10 CONTINUE
220 . RETURN
221 END
222 C
223 C
224 C* *INTEGRALS * *INTEGRALS * *INTEGRALS * *INTEGRALS * *INTEGRALS * *INTEGRALS * *INT
225 C
226 SUBROUTINE INTEGRALS(DATA,NTOT,FLVOL,FLMOM)
227 REAL DATA(72,9)
228 FLVOL=0
229 FLMOM=0
230 DO 10 1=2,NTOT
20
231
232!233
234 
35
)236
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52 
353
54
55
56
57
58
59 
2j60 
261 
262 
2; 6 3
264
265
266
67
68
69
70
71
72
73
74
75
76
77
78
79
80 
81 
82
83
84
85
86
87
88
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X1=DATA(1-1,4)/DATA(1-1,9) 
X2 =DATA(1,4)/DATA(I,9) 
Y1=DATA(1-1,2)
Y2=DATA(I,2)
FLD=(X1+X2)*(Y2-Y1)/12
FLVOL=FLVOL+FLD
X1=X1**2
X2=X2**2
FLD=(X1+X2)*(Y2-Y1)/12 
FLMOM=FLMOM+FLD 
CONTINUE 
RETURN 
END
C
C
C* * WRITE_DATA**WRITE_DATA* *WRITE_DATA* *WRITE_DATA* *WRITE_DATA* *WRITE_DAT 
C
SUBROUTINE WRITE_DATA(FNAME,H ,NTOT,NMAX,DATA,YH,YO,FLVOL,FLMOM 
+ ,NDATA,RNDIM)
CHARACTER FNAME*7,OUTl*12,H (7)*30 
INTEGER NDATA(72)
REAL DATA(72,9),RNDIM(72,3)
OUTl=FNAME//'P.TXT' '
C PRINT*,OUT1
OPEN(UNIT=3,FILE=OUTl,STATUS= 1 UNKNOWN1)
100 
105 
110 
120 
130 
14 0 
150 
160 
170 
180
190
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
b
FORMAT 
WRITE(* 
WRITE(* 
WRITE(* 
WRITE(* 
WRITE(* 
WRITE(* 
WRITE(* 
WRITE(* 
WRITE(* 
WRITE(* 
DO 10 I 
WRITE
IX,A30)
/,IX,'X (mm)
IX,'Peak velocity (m/s)
IX,'RMS velocity at peak (m/s)
IX,'Outlet velocity at peak (m/s) 
IX,'Jet half width (mm)
IX,'Jet symmetry point (mm)
IX,'Normalised volume flux 
IX,'Normalised momentum flux
:',F8.2) 
,F8.2)
,F8.2)
, F8.2) •
, F8.2)
, F8.2)
,F8.4)
,F8.4)
/,1X,'Pt.',6X,'(Y-Yo)/Yh',3X,
'(Urms/Uo)/ (Um/Uo)',/)
2X,12,7X,F8.2,9X,F8.2,12X,F8.2) 
100) (H(I ) ,1=1,7)
105) DATA(1,1)
110) DATA(NMAX,4)
120) DATA(NMAX,5)
130) DATA(NMAX,9)
140) YH 
YO
FLVOL 
FLMOM
(U/Uo)/ (Um/Uo)',3X
910
10
150)
160)
170)
180)
1,NTOT
*,190) NDATA(I),(RNDIM(I,J),J=l,3) 
IF (I.EQ.4.OR.I .EQ.27.OR.I .EQ.50) THEN 
PRINT*,'Press return to continue'
READ(*,'(A)') CONT 
IF(CONT.NE.' ') THEN 
GOTO 910 
ENDIF 
ENDIF 
CONTINUE
WRITE(3,100) (H(I),1=1,7)
21
289 WRITE(3,105) DATA(1,1)
290 WRITE(3,110) DATA(NMAX,4)
291 WRITE(3,120) DATA(NMAX,5)
292 WRITE(3,130) DATA(NMAX,9)
293 WRITE(3,140) YH
294 WRITE(3,150) YO
295 WRITE(3,160) FLVOL
296 WRITE(3,170) FLMOM
297 WRITE(3,180)
298 DO 20 1=1,NTOT
299 WRITE(3,190) NDATA(I),(RNDIM(I,J),J=1,3)
300 2 0 CONTINUE
301 CLOSE(UNIT=3,STATUS='KEEP')
302 RETURN
303 END
22
Appendix 2 Project plan for remainder of project
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ABSTRACT
This report outlines work carried out during the period September 1996 - April 1997. A 
summary of the objectives set out in the 24 month report is given, together with the progress 
towards these objectives. The work planned for the next six month period up to October 1997 
is described, including a detailed experimental plan for the investigation into the behaviour of 
a plane jet impinging on porous screens.
1. SUMMARY OF OBJECTIVES FROM TWENTY FOUR MONTH REPORT
Several specific objectives were identified in the 24 month report (Cant, 1996) for the period 
September 1996 - April 1997. These were:
1.1 Experimental
The design for the experimental rig to investigate the behaviour of an air jet impinging on a 
single porous plate will be finalised and submitted for construction. This should be completed 
by the end of October to enable the experiments to be carried out from November 1996 to 
February 1997.
Design and construction of the experimental rig for the next stage of the experimental work, 
using an isotropic artificial plant canopy will be finalised by April 1997. If the literature 
review reveals that studies of jets impinging on porous planes have been carried out in the 
past then work will proceed onto investigation of a jet impinging upon an isotropic artificial 
plant canopy.
1.2 Information gathering on pest control practises in orchards
The preliminary interviews should be underway by April 1997. This will require 
identification of a sample group for the survey and preparation and revision of the 
questionnaire.
1.3 Modules and reports
Presently there are two assignments outstanding for compulsory modules attended earlier this 
year:
1. Finance and Marketing
2. Advanced leadership
Two more modules will be attended during the coming six month period:
1. Risk management (25-29 November 1996)
2. Environmental economics (19-21 February 1997)
A report on the single plane experiment described in section 3.2 will be prepared.
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2. SUMMARY OF PROGRESS TOWARDS OBJECTIVES
2.1 Experimental
A Spanish exchange student, Inaki Guridi, was made available to assist in the development of 
the rig to investigate the behaviour of an air jet impinging on a single porous plate. A search 
through the literature failed to reveal any previous studies carried out in this area. It was 
therefore decided that this experiment would be carried out as a fundamental study with a view 
to publishing the results in a journal such as “Experiments in Fluids.” For a fundamental study a 
truly two dimensional jet is required. The jet used previously at SRI does not meet this 
requirement as it has a small aspect ratio (6:1) resulting in three dimensional effects very close 
to the outlet. Inaki Guridi was therefore given the task of designing, building and commissioning 
an experimental rig at UoS that would meet the requirements that the jet be two dimensional and 
with the expansion rate expected of a free jet, it would allow unobtrusive measurements with the 
laser doppler anemometer (LDA), and it would allow fitting of screens across the path of the jet.
Two short spells have been spent at the University of Surrey (UoS) assisting Inaki Guridi with 
the development of this rig. A contraction has been constructed that fits onto one of the Enflo 
wind tunnels to produce a jet through an outlet 600 mm long by 6 mm wide that enters 
horizontally into the lab within side walls extending 1.25 m from the outlet to prevent spanwise 
spreading of the jet. Inaki Guridi has carried out measurement of this jet to ensure it meets the 
criteria above and that the flow field produced when a solid wall is placed across the jet is 
similar to that obtained in previous studies. The full experiment has been delayed until the 
Summer of 1997 when it will be easier and cheaper to find accommodation in Guildford for the 
period when conducting experiments.
Some time has been spent on commissioning the LDA system. Initially there appeared to be a 
problem in the communications between the PC and the flow velocity analyser (FVA) that led to 
the elapsed time incrementing in jumps and blocks of data being repeated in the velocity time 
series. In addition measurements made in the thin jet at UoS appeared to show that although the 
LDA was giving a linear response to air velocity there appeared to be an offset of around 1 m s'1 
in comparison with measurements made with a pitot tube and micro manometer. The 
communication problem was resolved by removing the network card from the PC (presumably 
there had been a conflict of addresses). This had the effect of allowing the PC to communicate 
properly with the FVA curing the problem with the elapsed time and velocity time series. No 
comparison has yet been made with a pitot tube to determine if the unit is giving accurate 
velocities since this problem has been resolved but this will be carried out in the immediate 
future. •
In addition to the work on commissioning the thin jet rig and the LDA system some preliminary 
investigations have been made into the behaviour o f jets impinging on screens of wire mesh with 
additional added blockage to vary the overall blockage area ratio. Flow visualisation has been 
used to investigate the effect that the level of blockage has on the structure of a rectangular jet 
impinging on a screen and a comparison has been made of the effect that different blockage 
patterns have for screens with identical blockage area ratios. Further details of this work are 
contained in sections 4.2.1 and 4.3.1.
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2.2 Information gathering on pest control practises in orchards
There has been no progress on this item.
2.3 Modules and reports
The risk management module was attended from 25-29 November 1991. The environmental 
economics module was postponed until 14-18 April 1997. Assignments have been completed 
for the finance and marketing, advanced leadership, and risk management modules.
2.4 Work additional to the objectives laid out in the 24 month report
A ten minute presentation was given to the South East Midlands branch of the IAgrE on 13 
January 1997. This included a brief background to the project and some of the results 
obtained from the two dimensional artificial plant canopy.
A poster was prepared for the Silsoe Research Institute (SRI) poster conference. This was 
based around the flow visualisation of the rectangular jet impinging upon screens with 
various blockage area ratios. This poster was shown to the visiting group (carrying out an 
assessment of the research carried out by SRI) as part of their analysis of the quality of 
scientific training given by SRI.
3
3. OBJECTIVES TO BE MET BY OCTOBER 1997
3.1 Experimental
Due to the single plane jet impingement experiment being postponed to the Summer the 
isotropic canopy experiment will be brought forward. Planning and construction of the rig for 
this experiment should be completed by the end of April to allow the first phase of 
measurements to be completed through May and June. The single plane, jet impingement 
experiment will be conducted during July and August. The second phase of the isotropic 
canopy experiment will then take place during September and October.
3.2 Information gathering on pest control practises in orchards
As there was no progress on this in the last six months the time scale for this task has been 
compressed. By September the test interviews must be underway. This requires the prototype 
questionnaire to be finalised and identification of the sample group for the survey. The test 
interviews should be completed by mid December.
3.3 Modules and reports
There are no assignments outstanding at the present time. Two EngD compulsory modules 
are scheduled for the coming period:
1. Environmental Economics (14-18 April 1997)
2. Sociology II (2-6 June 1997)
In addition a place has been booked on the EPSRC graduate school which runs from 17-22 
July 1997.
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4. BRIEF FOR SINGLE PLANE JET IMPINGEMENT EXPERIMENT
4.1 Background
Work carried out previously on artificial plant canopies has suggested that there could be 
important effects on the flow at the interface of the canopy. This experiment aims to 
investigate the behaviour o f a plane jet impinging on a single layer of blockage (i.e. a screen) 
to give a base line for comparison with experiments to be conducted with a canopy with 
evenly distributed blockage. The aims for this experiment, given in the 24 month report 
(Cant, 1996) were: to determine the origin of the curve for momentum flux decay through a 
plant canopy, to determine the extent of the area in front of the canopy where the jet would be 
influenced by the canopy, and to characterise the behaviour of the jet within this region. More 
recent developments in ideas for modelling the behaviour o f jet flows up to and through plant 
canopies have suggested further information that could be usefully obtained from this 
experiment. For example it should be possible to characterise the momentum loss across 
screens of varying structure and find how the jet volumetric flux is affected by screens of 
varying structure.
Screens are usually characterised by a loss coefficient, k, which applies when a screen of 
infinite area is placed in a uniform flow and is defined as:
Pi “ P2k(Re,f) = - i  ±  (1)
1/2 pu 2
Where p! and p2 are the upstream and downstream static pressures respectively and u is the 
velocity of the uniform flow distant from the screen, which is equal upstream and 
downstream of the screen due to mass continuity. For a given type of screen the loss 
coefficient is therefore a function of Reynolds number, Re, and blockage area ratio, f. For a 
screen placed across a plane jet the loss coefficient cannot be applied directly (this is the 
fundamental reason for carrying out these experiments); however it would seem reasonable to 
assume that the behaviour of the jet will react to the same variables as the uniform flow. 
These variables are discussed below.
4.1.1 Blockage Area Ratio
The blockage area ratio, f, of a screen is defined as the closed area per unit area of the screen. 
Relations are given in Blevins (1984) for the variation of loss coefficient with porosity 
(which is equivalent to 1-f ) for a number of screens at different Reynolds number.
For jet impingement on porous screens there is a condition of constant pressure, rather than 
constant velocity, far upstream and downstream of the screen so the loss coefficient cannot be 
used directly to obtain information about the flow. However, it would be expected that a drag 
coefficient, based on the momentum flux loss across the screen, would follow similar 
relationships to that for the loss coefficient.
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4.1.2 Reynolds number
Generally for Reynolds numbers higher than 500, based on the upstream velocity and the 
width of the screen elements, the loss coefficient is largely independent of Reynolds number 
for any particular blockage area ratio (Blevins, 1984).
4.1.3 Type of screen
The geometry of the elements making up the pores of a screen have an influence on the loss 
coefficient at a given Reynolds number and blockage area ratio. For example screens created 
by weaving wires to form a mesh have different loss coefficients depending on whether the 
wires are of round or square cross section (Blevins, 1984) due to the larger vena contracta 
produced with square wires, which effectively increases the blockage area ratio of the screen. 
Whether the actual shape of the pores has an effect on the loss coefficient is not apparent.
4.1.4 Ratio of the length scale of the screen elements to the jet width
The experiments on the previous artificial plant canopy showed that when the width of the jet 
is of the same order as the length scale of one repeating unit of the screen, the behaviour of 
the jet is highly dependent on the position of the jet centre line relative to the blockage 
elements. In particular the momentum flux behind the first layer of blockage produced by a 
stationary jet source varied by ± 25% as the position of the source relative to the canopy 
elements was moved through one repetition. It is felt that when the width of the jet is large in 
comparison to the length scale of the repeating unit of the screen this effect will diminish. 
Therefore, the ratio of pore size, in conjunction with the position of the jet source relative to 
the blockage elements, can have an effect on the drag on the screen.
4.1.5 Distance from the outlet to the screen
The distance from the jet outlet to the screen is not expected to have a direct effect on the loss 
coefficient or drag coefficient of the screen, assuming that the jet momentum flux is constant. 
However, there is an indirect effect through points 2 and 4 above due to the variation of jet 
width and jet velocity with distance from the outlet.
4.1.6 Angle of incidence
A flow directed at an oblique angle to a screen will be redirected as it passes through the 
screen due to the channelling effect through the pores. As a result there will be a force acting 
parallel to the screen as well as normal to it. For jets impinging on screens it can be imagined 
that there will be some limiting angle between the jet centre line and the screen at which the 
jet will no longer penetrate through the screen but will start to travel along the screen, as in a 
wall jet.
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4.2.1 Preliminary comparison of screen structures
The effect of the type of screen (section 4.1.3 above) will be investigated in a preliminary 
investigation at SRI. This will examine two types of screen, both with small element spacing 
compared to the jet width, and which have similar blockage area ratios but different 
structures. Flow visualisation will be used to compare the gross features of the flow and 
velocity profiles will be logged across sections of the jet before and after it has encountered 
the screen to allow calculation of drag coefficients as described in section 4.3.1.
4.2.2 Effect of blockage area ratio
This will use screens with small pore size relative to the jet width (five repeating units of the 
screen within the span of ±b, where b is the point where a free jet at the screen section would 
have velocity equal to half the centre line velocity). If the trial above shows that the two types 
of screen give similar drag coefficients at equal blockage area ratios then the screens used in 
this experiment will be made from perforated plates, otherwise some method of fabricating 
screens will be used. A total of five blockage area ratios will be examined. Measurements 
will be made to determine drag coefficients and to determine the extent of the region in which 
the effect of the screen is felt and the behaviour in this region.
4.2.3 Effect o f pore size relative to jet width
This will repeat the tests as above but with the pore size of similar order as the jet width (one 
repeating unit of the screen within the span of ±b). This test will be limited to two blockage 
area ratios.
4.2.4 Effect of angle of incidence between jet and screen
Measurements will be made for two blockage area ratios to determine the sensitivity of the 
flow to angling of the screen relative to the jet axis.
4.3 Materials and Method
4.3.1 Preliminary comparison of screen structures
Before material is ordered for the screens to be used in the work at the University of Surrey 
(section 4.3.2) a preliminary investigation of the effect of screen structure will be carried out 
at Silsoe Research Institute (SRI). This will examine if  screens constructed from perforated 
plates (which are easier and cheaper to obtain) give the same drag coefficients as screens 
constructed to more closely resemble the structure of plant canopies.
This preliminary experiment will be carried out using the 6:1 aspect ratio jet produced by the 
fans connected to the SRI carriageway. A screen comprising a single layer of weld mesh 3.6 
m long by 0.9 m across will be placed in the path of the jet and blockage will be added to this
4.2 Summary of Experiments
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mesh in two arrangements to give identical blockage area ratios. The first arrangement will 
comprise of strips added along the full length of each wire of the weld mesh (figure la) while 
the second will comprise of squares added to each intersection of the weld mesh wires (figure 
lb). The first arrangement is comparable to perforated plates. The second arrangement is 
more comparable to crop structures, the squares representing the leaves and the wires 
representing the supporting branches. The following equations describe the total blockage 
fraction produced in each case:
is the total blockage fraction for arrangement one where b is the width of blockage strips 
added on top of the mesh elements in a regular fashion, and fp is the pitch of the wires making 
the mesh
is the total blockage fraction for arrangement two where b is the width of squares added at the 
intersection of the mesh elements, d is the wire diameter and ip is the pitch of the wires 
making the mesh.
The mesh that will be used in these experiments has pitch, fp, of 25.4 mm and mesh diameter, 
d, of approximately 3 mm. Blockage area ratios of 0.4 and 0.6 were selected for this 
experiment on the basis of flow visualisation of the jet impinging on screens made from a 
finer mesh with blockage strips added in the spanwise direction. These flow visualisations 
showed that with a blockage area ratio of 0.43 the entire jet penetrated through the screen, 
while a blockage area ratio of 0.62 resulted in a proportion of the jet being deflected along the 
screen and a proportion penetrating through the screen. The table below shows the values of b 
required to produce the desired blockage area ratio for each screen structure..
B lockage fraction Strip width for internal flow  case 
(m m)
Square width for external flow  case 
(mm)
0.4 5.7 14.2
0.6 9.3 18.8
Table 1 Size of elements to give desired blockage area ratio for each arrangement.
In order to characterise the drag coefficient for each screen the jet momentum flux distant 
from the screen must be measured at a point upstream and downstream of the screen. It will 
be possible to use the ultrasonic anemometer for these measurements as we do not require to 
measure close to the screens. Velocity profiles will be obtained at identical positions for each 
screen using fixed point sampling over a time period sufficient to give the true mean velocity
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at each point. From each profile the momentum flux will be calculated thus:
n
momentum flux integral, M  = E ui2h (4)
i = l
where h is the distance between equally spaced measurement points at each section.
The drag coefficient for each screen defined as:
M 0 - M,Cd(Re,f) = — 2   (5)
1/2M  v ’
can then be calculated where M0 and M, are the momentum flux integrals before and after the 
screen respectively.
4.3.2 Effect of blockage area ratio
This experiment will be carried out at UoS using the plane jet rig constructed by Inaki Guridi. 
This rig produces a je t from an outlet 6 mm wide by 600 mm long exiting horizontally and 
confined within side walls extending 1.25 m from the outlet to ensure that the jet develops 
two dimensionally (figure 2). Five screens will be used with blockage area ratio ranging from 
20% to 80%. Each screen will be placed vertically between the side walls at x = 0.5 m so that 
there is sufficient room before and after the screen for measurements to be made of how the 
flow is affected by the screens. Jets impinging upon solid walls are influenced by the wall 
from x/h ~ 0.7, where h is the distance from the outlet to the wall (Beltaos and Rajaratnam,
1973) which, in this case, will give a region where the effect of the jet is felt extending 150 
mm from the wall towards the outlet. The behaviour of a jet impinging on the screens will 
differ from this. Flow visualisation of a 6:1 aspect ratio jet impinging on porous screens at 
SRI has suggested that the region where the effect of the screen is felt could be greater than 
for a je t impinging on a solid wall, due to flow recirculation regions forming in the angle 
between the edge of the jet and the screen. The measurement protocol will be revised if  this 
proves to be a problem.
Figure 3 shows the expected behaviour of the jet and the discrete regions that it should be 
possible to identify. It is intended that velocity profiles will be taken at a minimum of five 
sections within each of these regions. From each profile the peak velocity, jet width, 
volumetric flux and momentum flux will be calculated. The volumetric flux being:
volumetric flux integral, Q = E - H  (6)
i = l
where h is the distance between equally spaced measurement points at each section and the 
momentum flux being calculated as in equation 4.
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The position of the boundary between regions one and two, and regions three and four, will 
be found by fitting separate curves to the points for each flow property in each region and 
then extrapolating to find the point of intersection between regions as shown in figure 4. This 
will be carried out for each flow property, although it is expected that the momentum flux 
will give the clearest results.
The momentum flux obtained in the profile similarity regions (one and four) upstream and 
downstream of the screen should be constant as there is no pressure gradient throughout the 
jet in these regions. The drag coefficient will be calculated for each screen as in equation 5, 
using the momentum flux in regions one and four.
The effect that the screen has on the volumetric flux will be studied by making comparisons 
with the volumetric flux of the free jet, which should follow the relationship given by 
Rajaratnam (1976),
It is expected that in region one the volumetric flux will be identical to that of the free jet. The 
behaviour in regions two and three may prove to be indeterminate and in region 4 the 
volumetric flux will increase in a manner similar to the free jet, although the level of 
volumetric flux at the start of this region and the growth rate in this region will be dependent 
on the blockage area ratio of the screen. There are four possible scenarios for the behaviour of 
the volumetric flux in region four as shown in figure 5: (a) the volumetric flux is unaffected,
i.e. the measured points in the downstream region fall on the curve for the free jet; (b) there is 
enhanced entrainment, i.e. the measured volumetric flux exceeds that predicted by 
extrapolation; (c) there is suppressed entrainment but mass conservation across the screen, i.e. 
the measured volumetric flux is equal to the predicted volumetric flux close to the screen but 
further downstream is less than the predicted volumetric flux (d) a wall jet is formed in region 
2 of figure 3, i.e. close to the wall the measured volumetric flux is less than that predicted and 
may increase or decrease downstream of this point. It is expected that for very low blockage 
fractions scenario (a) will hold. As the blockage fraction is increased scenarios (b) or (c) 
might apply until, at a certain value of blockage fraction, scenario (d) applies.
4.3.3 Effect of pore size relative to jet width
As mentioned in section 3.1.4 if the scale of the pore size is increased so that it approaches 
the scale of the jet width the behaviour of the jet becomes dependent on the position of the jet 
centre line relative to the screen elements. Experiments similar to those described in section
4.3.2 will be carried out with screens of blockage area ratios around 0.6 and 0.4 but with the 
scale of the elements of the same order as the scale of the jet width. For each screen a set of 
profiles will be obtained for the jet centre line aligned with a line of maximum blockage and a 
line of minimum blockage.
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Again these experiments will be similar to those described in section 3.3.2 and will use 
screens with small elements relative to the jet width. Blockage area ratios of around 0.6 and
0.4 will be examined. For each screen a set of profiles will be obtained at three angles 
between 90° and 120°.
4.3.4 Effect of angle of incidence between screen and jet
11
Figure 1 Alternative screen structures
(b) screen produced by adding squares at the wire intersections
12
Figure 2 University of Surrey thin jet rig
13
Figure 3 Expected behaviour of jet impinging on porous screens
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Figure 4 Extrapolation of curves to define boundaries between regions
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Figure 5 Expected volumetric flux for jet impinging on porous screens
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ABSTRACT
The progress made in the first two years of this project is reported here in. An introduction is 
given to the background to this project: the type of sprayer under investigation, the structure of 
UK orchards, pest control practises, and the environmental problems that arise from these. This 
has shown that, through better understanding of the air jet interactions with the plant canopy and 
the atmosphere, there is scope for improvement in the environmental performance of orchard 
sprayers. Theories applicable to the behaviour of air jets from orchard sprayers have been 
reviewed and experiments were carried out to test recent developments in theory for the 
penetration of air jets through plant canopies. The results of these experiments highlight the need 
for better understanding of the jet behaviour at the interface with the plant canopy. Future 
experiments are planned to look at this problem. The need for better information on the structure 
of UK orchards, the type of sprayers currently in use, and the practises and attitudes of operators 
has been identified. A survey is proposed to obtain this information.
1. INTRODUCTION AND LITERATURE REVIEW
1.1 Project Aims
Tractor driven air assisted orchard sprayers are notorious for producing high levels of spray drift. 
This project aims to develop a theoretical description of the interactions between the air jet flows 
from air assisted orchard sprayers, the crop canopy and the atmospheric boundary layer. 
Application of this theoretical description in the design of orchard sprayers will enable a 
reduction in environmental contamination and an improvement in target deposition.
1.2 The Air Assisted Orchard Sprayer
The type of sprayers under investigation in this project are air assisted orchard sprayers that are 
either mounted on a tractor’s three point linkage or trailed behind a tractor (figure 1.1). These 
sprayers comprise of a tank to hold the spray formulation mixed with water, a delivery system 
to take the spray from the tank to the nozzles and some type of fan and ducting arrangement to 
create an air jet that carries the spray droplets from the sprayer to the target plant (BCPC, 1992).
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Figure 1.1 Alternative designs of air assisted orchard sprayer, (a) tractor mounted (b) tractor 
drawn
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The key components of the spray delivery system are the pump, control valves and the nozzles. 
Positive displacement pumps, capable of producing large pressures (up to 50-60 bar), are 
normally used. Control valves allow adjustment of the flow rate of the spray to the nozzles to 
give the desired application rate when operating at the intended sprayer speed. The type of nozzle 
used determines how coarse or fine the droplets are (usually termed the spray quality) for a given 
flow rate and are usually given a classification to describe the flow rate, the spray quality and the 
shape of the spray produced at a given pressure. It is up to the operator to ensure that the nozzles 
used and the setting of the control valve results in the spray application rate required by the crop 
being treated and spray quality suitable for the prevailing meteorological conditions (coarser 
sprays being less prone to drift production).
A number of fan types may be employed in air assisted orchard sprayers with each type having 
its own ducting requirements. The most common arrangement is to have an axial flow fan with 
its inlet at the rear of the sprayer and its outlet consisting of ducting to turn the air through 90° 
to produce a fan shaped jet. This usually forms an arc through 180° although further ducting can 
be used to create alternative jet arrangements. Reducing the arc of the jet to prevent it blowing 
spray vertically is a common example. Another is the use of ducts to create a rectangular jet, with 
height matching that of the crop, blowing air horizontally through the canopy. Cross flow fans 
are also used to create rectangular jets while more flexibility in positioning the nozzles can be 
achieved by using centrifugal fans to deliver air to each nozzle individually. As with nozzle 
selection and control of the spray flow rate, it is the operator’s responsibility to ensure that the 
volume of air being used and its direction is well suited to the crop being treated. This can be 
achieved by varying the speed of the fan and the angle of the air deflectors on machines that 
incorporate adjustment of these parameters, however, it has been suggested that in practise these 
adjustments are seldom adequately carried out (Hislop, 1991).
1.3 Orchard Structure
The plants that air assisted orchard sprayers are used to treat can be classified most simply as 
trees. However, within this classification there is a very wide variation in the structure of the 
plants depending on the orchard system being used, variations between species, variations 
between variety, the maturity of the orchard and the stage in the growing season. In the UK the
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most common orchard crops are apples, pears, cherries and plums, accounting for over 9 9% of 
the cropped area, with apples being the greatest single crop, accounting for 65% of the cropped 
area (figures for crop year 1993, MAFF, 1994). Some other important crops, which would not 
be classified as orchard crops, are also treated with this type of machinery. These include 
blackcurrants and hops.
The structure of an orchard can be described by the spacing of the trees, the tree height and the 
leaf area index or leaf area density. The spacing of the tree is normally split into the spacing 
between rows for tractor and machinery access and the within row spacing, from which it is 
possible to calculate the number of trees per hectare. The leaf area index (LAI) describes the 
amount of foliage in the orchard and is calculated as the one sided leaf area above a unit area of 
the orchard floor. The leaf area density (LAD) is the one sided leaf area in a unit volume of the 
orchard. Care should be taken to identify the method used in calculating the LAD. In forestry it 
is usually quoted as a function of height only due to the approximately horizontally isotropic 
nature of forest canopies. In orchards, however, there can be variation with height, across rows 
and along the rows as shown in Jackson (1975). Converting from a leaf area index to an orchard 
averaged leaf area density is achieved by dividing the LAI by the mean height of the orchard.
To demonstrate the variability that can occur between and within orchards it is useful to take 
apples as an example. Wagenmakers (1991) gave a review of the intensification of fruit tree 
planting systems used in temperate climates and found that before the development of dwarfing 
rootstocks in the 1920s apples were produced on large vigorous trees planted at densities of 
approximately 100 trees/hectare and growing to a height of 12 metres or more. With the 
introduction of dwarfing rootstocks this practise gave way to bush orchards planted at densities 
o f250-750 trees/hectare. This trend towards increased planting densities has continued and today 
1000 trees/hectare or more is not uncommon, with plant spacings of 3-5 m between rows and 1-4 
m in row. There has also been developments in the pruning strategy used and the way that the 
trees are trained. Recommendations for establishing new apples orchards in the UIC (White, 
1984) suggested that trees should be planted at 500 trees/hectare on MM. 106 rootstock or at 1000 
trees/hectare on M.9 rootstock and trained with a single centre-leader with shoot growth directed 
to create a continuous hedgerow of canopy. The height of this canopy will usually be restricted 
to below 3 m to ease harvesting and plant management.
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The pesticide application techniques adopted by growers have had to change to accommodate 
the changes in husbandry described above. In addition the set up of the sprayer should also be 
varied throughout the growing season to accommodate the change in leaf cover on the plant as 
the season progresses. When full cover is achieved the orchard averaged LAI is typically around
1.5 for mature hedgerow trees grown under the system recommended by White described above, 
with some variation depending on the combination of rootstock and cultivar.
1.4 Pest Control Programmes
The air assisted sprayer can be used in the orchard at any time of year (Alford and Upstone, 
1980). In Winter, while the trees are dormant, tar oils are applied to kill overwintering pests and 
to give protection against blossom wilt. When the trees start to make active growth in Spring 
powdery mildew and scab can become a major problem and the orchard has to be sprayed at 5 - 
14 day intervals to maintain control on the new growth. If insect or aphid infestations occur 
during this period then treatment may be combined with the powdery mildew and scab 
programme, depending on the instructions given on the product label. Once the treatment of 
powdery mildew and scab has ceased application of insecticides and acaracides will continue as 
necessary depending on the level of infestation.
In all there are 28 active ingredients registered by MAFF for the treatment of diseases of apples 
and of these 27 are suitable for spray application (Ivens,1994). These have varying modes of 
action. For example some inhibit germination of spores while others control the fungal pathogens 
within the plant tissue. Most fungicides are safe to insects and animals but are dangerous to fish. 
There are exceptions to this, however. Pyrasophos, for example, is a systemic organophosphorus 
fungicide which has insecticidal activity and is harmful to game, wild birds, and animals, and is 
dangerous to bees. Insecticides and acaracides tend to pose more of a threat to non target species. 
In total there are 31 insecticides and acaracides registered by MAFF for the treatment of apples 
(Ivens, 1994). Organophosphorus insecticides tend to be hazardous to animals and birds. 
Synthetic pyrethroid insecticides are less so but are broad spectrum so tend to present a greater 
risk to beneficial and non-target insects. Most insecticides and acaracides tend to be harmful to 
bees and beneficial insects. However, exceptions to this are diflubenzuron, pirimicarb and 
tetradifron, which are recommended for use in conjunction with biological control programmes
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which make use of beneficial insects.
In addition to the threat posed to beneficial insects, birds and animals by many pesticides there 
is also a threat to aquatic life if  these chemicals get into surface waters. This applies to virtually 
all the fungicides, insecticides and acaracides that are registered for use in orchards so there is 
a requirement on all operators of spray application equipment to prevent contamination of surface 
waters and ditches. Further restrictions are placed on application of chemicals which pose a 
particular threat to aquatic life. For example, fenpropathrin should not be applied within 18 m 
of surface waters or ditches using air assisted sprayers.
1.5 The Level, and Consequences, of Drift From Orchard Sprayers
The level of drift produced by air assisted orchard sprayers is dependant on a large number of 
factors including the meteorological conditions; the spray droplet size; the canopy geometry; and 
the jet velocity, volume flow rate and direction. Few studies have calculated the losses from air 
assisted orchard sprayers as a fraction of the applied dose. Herrington et al (1981) carried out 
destructive testing of apple trees to recover a copper fungicide applied at 560 litres ha' 1 by an air 
assisted orchard sprayer. They found that hedgerow apple trees, 2.8 m high by 2.4 m wide spaced 
at 4.37 m by 2.74 m, retained 63.3% of the applied spray volume at the full foliage stage and 
only 10.2% at the late dormant stage. Bush apple trees, 3.5 m high by 4.5 m wide planted at 4.37 
m by 3.5 m, treated in the same way retained only 21.6% at the full foliage stage and 9.2% at the 
late dormant stage. This implies that up to 90% of the applied spray is missing the target but does 
not provide any information on the ultimate fate of this spray: whether it is deposited on plants 
in rows beyond that being treated, lost as ground deposits in the orchard, or is carried off by the 
wind to be deposited outside the canopy is not apparent.
The potential for air assisted orchard sprayers causing high levels of drift is recognised by MAFF 
in the code of practise for the safe use of pesticides on farms and holdings (MAFF, HSE, 1990) 
which encourages operators to pay particular attention to setting up their sprayers in order to 
minimise drift.
The potential hazard of pesticides used in orchard spraying programmes to aquatic life, game,
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wild animals and birds, bees and beneficial insects, as recognised in their MAFF registrations, 
was discussed in section 1.4. The practical consequence that some of these hazards present when 
orchard spraying was investigated by Davis, et al (1994) in a study of the effect of drift on the 
larvae of the cabbage white butterfly. Separate applications of the insecticide cypermethrin and 
the fruit thinner carbaryl both gave 50% mortality at 20 - 25 m and 10% mortality at around 50 
m downwind. This data is used by Cooke (1993) to suggest a buffer zone of 50 m between 
operation of air assisted orchard sprayers and sensitive sites in order to protect terrestrial 
invertebrates.
In addition to the harm caused by drift to wildlife, the possible harm to members of the public 
must also be considered. The Health and Safety Executive are responsible for investigating 
incidents of misuse of pesticides and in 1994/95 the total number of incidents investigated by 
them rose by 55 over the previous year to 251 (HSE, 1995). Of these 251 incidents, 167 were 
concerned with allegations of pesticide drift, which included a number of cases where members 
of the public alleged ill health and other cases where damage to property was alleged, as a result 
of spray drift from orchard sprayers.
1.6 Opportunities for Improvement
Control of the losses from air assisted orchard sprayers is of importance to farmers economically, 
and to society as a whole for environmental and health reasons. Walklate (1991) used numerical 
simulation to predict drift from air assisted orchard sprayers and found that by limiting the height 
of the spray plume 8 m downwind of the sprayer to the height of the canopy, the quantity of 
spray used could be reduced by 41% and the drift at 20 m could be reduced by between 70 - 80%. 
He suggested that this reduction could be achieved by modifying orchard sprayers so that the air 
flow and spray distribution matched the target plant.
Matching air assisted orchard sprayers to their target plants requires a better understanding of the 
interactions between the spray plume and the plant canopies.
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1.7 Pesticide Application and Clean Technology
This section is included to highlight how this project fits in with the “Environmental 
Technology” theme of the Brunel\Surrey Eng.D. programme. The ethos of this program is that 
the traditional practises of industry are unsustainable and that more research is required into the 
whole life cycle of products (Brunei University/University of Surrey, 1995).
The subject of this project is a component of the horticulture industry for which a possible system 
diagram is shown in figure 1.2. Environmental life cycle assessment (LCA) could be applied to 
this system to suggest ways of reducing the environmental load of fruit production, thus making 
the system more sustainable (Clift and Longley, 1994). To do this the environmental effects of 
all the inputs, outputs and environmental burdens would have to be quantified in terms of some 
functional unit. This is outside the scope of this project. However, there is evidence that the 
major environmental effect of this system can be attributed to the use stage (as shown in table 
1.1). In a discussion of the treatment of wild oats with herbicide Clift and Longley suggested 
that, in a system where a biocide is sprayed over the countryside, the greatest benefit will come 
from improved methods of delivery or changes to the mode of action of the herbicide rather than 
in reducing effluent from the chemical plants which produce the herbicide. It seems fair to 
assume that this argument would also apply to the treatment of orchards with other pesticides.
Changes which have already occurred in the pesticide industry could be considered as shifts 
towards “cleaner technologies” as described by Clift and Longley. The banning of 
organochlorine pesticides in the 1970s, for example, was a result of concern over the persistence 
of these chemicals and the effect which they were having on bird populations and led to growers 
substituting organochlorine pesticides with organophosphates, which are more readily broken 
down in the environment. This could be considered as a change in the use and disposal stages of 
the pesticide life cycle as shown in table 1.1.
Possible changes for the future could be categorised in terms of the hierarchy of waste 
management practises described by Crittenden and Kolaczhowski (outlined in Clift and Longley,
1994). The hierarchy identifies five waste management options and lists them from the top 
priority, which is complete elimination of waste, down through lower priorities to the bottom
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priority, which is disposal of waste as discharges to air, water or land. For crop protection to 
satisfy the top priority of total elimination of waste a shift to organic methods would be required. 
According to Hislop (1993) this is not a realistic proposition if current food supplies are to be 
maintained. The next best option, which is waste reduction at source, could be achieved in a 
number of ways, including improved application equipment, education of operators, improved 
formulations or adoption of integrated pest management. This project is concerned with the 
development of improved application equipment and improved methods of calibrating sprayers 
to the target plant, which will result in a reduction in environmental burdens in terms of air-borne 
pesticide drift, pesticides in water and production of pesticides.
life stage general description
raw materials chemical feedstock
production chemical plants
use dispersal into environment
recycling not possible once in environment
disposal broken down in environment
decommissioning of production facilities numerous types of waste
Table 1.1 Life Cycle of Pesticides
inputs: pesticides _  
fertiliser 
fuel oil 
machinery 
solar energy 
water
Figure 1.2 System Diagram of the Fruit Production Industry.
outputs: marketable fruit
environmental burdens: sub standard fruit
out of production trees 
pesticides in water 
fertiliser in water 
air born pesticide drift 
redundant machinery 
tractor emissions 
pesticide metabolites
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1.8 Theory of Air Jets Applied to Orchard Sprayers
Use of air jets to aid transport of spray into the crop canopy is the standard method of applying 
pesticides in UK orchards (section 1.2) and it has been shown that matching the characteristics 
of the air jets to the target plant more effectively would lead to a reduction in drift from air 
assisted orchard sprayers (section 1.6). To avoid having to carry out expensive and time 
consuming field trials to find the ideal air jet characteristics for each particular orchard structure 
a theoretical description of the behaviour of the air jet is required. Much effort has been expended 
in the past into providing a mathematical description of the air jets produced by orchard sprayers. 
In the following sections the theory that these models are based on and the practical problems 
that they may or may not account for is reviewed before an outline is given of how this theory 
has been used to describe the behaviour of air jets from air assisted orchard sprayers.
1.8.1 The plane turbulent je t
Raj aratnam (1976) gives a clear explanation of the behaviour of the ideal plane turbulent free j et 
(figure 1.3). A jet of this type is termed ideal if  it is of infinite length, so that the flow is two 
dimensional; the velocity at the outlet of the jet is uniform; and the jet is entering into an expanse 
of the same fluid which is at rest. It should be noted that the jets produced by air assisted sprayers 
depart, to some extent, from each of these criteria. The effect that this has on the jet will be 
discussed in later sections of this report.
Figure 1.3 The Ideal Plane Turbulent Free Jet
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Returning to the behaviour of ideal plane turbulent free jets, it is found that, beyond a region 
close to the outlet where the velocity distribution is affected by the initial conditions, the 
transverse distribution of velocity changes with distance downstream but the distribution retains 
the same functional form, merely changing the transverse length-scale, b, and the scale o f the 
characteristic value of velocity, um, (Townsend, 1976). Due to this similarity behaviour of the 
velocity distribution the jet’s entire velocity field can be given by relationships for the velocity- 
scale, u,,,, and the length-scale, b, and a function to describe the form of the transverse velocity 
distribution thus:
u(x,y) = u f
\
y
b(x)J
l . l
A number of assumptions can be applied to derive the equations of motion of a plane turbulent 
free jet. Taking the x - direction and the u component of velocity as being aligned with the 
direction of the mean flow and splitting instantaneous velocities into time average components, 
u, and deviations from the time average, u f, these assumptions are:
1. The flow is two dimensional therefore w = 0, d/dz of any mean quantity = 0, u'w ' = 0 ,
v 'w ' = 0 .
2. The mean flow is steady therefore 3u/3t = 0 and dv/dt = 0.
3.The streamwise mean velocities are much greater than the transverse mean velocities and the 
velocity and stress gradients are much greater in the y direction than in the x direction.
4. The turbulent shear stress is much greater than the laminar stress.
5. The pressure gradient in the axial direction is negligible.
Applying these assumptions to the mass conservation equation and Reynolds equations results 
in the mass conservation equation:
^  ^  -  0 1.2 dx ay
and the momentum equation:
du du 1 «u—  + v—  = ------- 1.3
dx dy p dy
11
where xt is the turbulent shear stress and p is the fluid density.
By integration of equation 1.3 and substitution of the mass conservation equation (1.2) an
using the boundary conditions that on the jet centre line y = 0 ;u  = um, v = 0 , t  =  0  and at y = 
u — 0. This results in the expression:
which tells us that the rate of change of momentum in the x direction is zero. This would appear 
logical as a jet entering into stagnant surrounding experiences no pressure gradient so there can 
be no external forces which would cause a change in the momentum of the jet in the axial 
direction.
The growth of the jet width has been shown to follow a linear relationship with the distance from 
the virtual origin (Abramovich, 1963):
where b is the distance to the point where the velocity is half the value on the jet centre line, b0 
is half the outlet width, x is the distance from the virtual origin and ct is a constant (figure 1.3)
The integration of equation 1.4 tells us that there is no variation in the jet momentum flux with 
distance downstream
expression can be derived for the variation of the jet momentum with distance from the outlet
1.4
O
J  pw 2dy = constant 
o
1.6
Introducing factors to make the integral non-dimensional gives
1.7
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On account of the geometrically similar nature of the velocity distribution and the linear 
relationship between x and b,
CO /
f uJ u0 \ »'/
dy = constant 1.8
As the flow is incompressible the density is also constant so equation 1.7 can be rearranged to 
give:
w_ 1.9
where c2 is a constant, and the outlet velocity, u0, and the outlet half width, b0, have been 
introduced to make the equation non-dimensional and applicable to any ideal plane turbulent 
free jet.
The volumetric flow per unit length through any cross section of the jet may be written as:
Q = 2 J  udy 1.10
Again introducing factors to make the integral non-dimensional gives:
0 \ m>
dy_
x
1.11
As before the integral is constant due to similarity and the linear relationship between x and b. 
Using this condition and substituting the expression for u^ , (equation 1.9) into equation 1.11 
gives:
Q _= c„
e 0 \
X
b
1.12
where Q0 = 2u0b0 is the volumetric flow per unit length at the outlet and c3 is a constant.
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The constants in the above equations have been evaluated experimentally in many studies of 
plane turbulent jets. A review of these studies is given in Rajaratnam (1976).The constant c, « 
0.1 while c2 has been shown to range from 3.13 to 3.78 and c 3 ~ 0.44. It should be noted that the 
value x in these equations is not the distance from the outlet but is the distance from the virtual 
origin, or jet pole. In addition the position of this virtual origin obtained from geometrical 
(length-scale) considerations often differs from that obtained using kinematic (velocity-scale) 
considerations. It has been found that the position of the virtual origin is very sensitive to the 
level of turbulence in the nozzle (Flora and Goldschmidt, 1969).
Having equations for the variation of the velocity and length-scales in the flow direction all that 
is needed to fully describe the mean flow field is an expression for the transverse velocity 
distribution. Turbulence models and fits to experimental data have been used to obtain 
expressions for the velocity distribution. Using Prandtl’s eddy viscosity hypothesis Goertler 
obtained the expression:
—  = 1 - tanh2 1.13
and, from comparison with experimental data, found the empirical constant a =7.67 
(Abramovich, 1963). Rajaratnam (1976) suggests that the Guassian curve:
= exp (-0.693(y/b) ) i 14
u '
is a reasonable representation of the velocity distribution.
The above discussion deals with the behaviour of an ideal plane turbulent free jet. As mentioned 
at the start of this section the jet created by air assisted orchard sprayers does not meet this ideal. 
The discrepancies which occur between the ideal jet and the jet created by orchard sprayers, and 
the effects which these have, are discussed below.
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1.8.2 Non-uniform outlet velocity distribution
It is probable that the velocity distribution at the outlet from air-assisted sprayers will be non­
uniform as the outlet is usually very close to the fan and often the flow is turned through 90° just 
prior to the outlet. As a result the flow is likely to be turbulent and the velocity distribution 
skewed as a result of the turn close to the outlet. Abramovich (1963) discussed the effect of 
having a boundary layer on the walls of the nozzle. His analysis showed that when the depth of 
the boundary layer is increased the jet pole, which is inside the outlet for jets with uniform outlet 
velocity distribution, moves closer to the jet outlet. Sfeir (1978) reported measurements made 
on jets from rectangular slots which suggested that the outlet conditions have an effect on the 
growth rate of the jet. Comparison of jets that were similar except one was from a sharp edged 
orifice and the other was from a channel showed that the jet width increased faster for the jet 
from the orifice type outlet. In a study of the effect of outlet turbulence on jet structure Flora and 
Goldschmidt (1969) found that increasing turbulence intensity inside the outlet tended to move 
the virtual origin, which was located inside the outlet, closer to the outlet and reduced the 
spreading rate of the jet.
1.8.3 Non-stagnant surroundings
Even if orchard sprayers were operated in perfectly calm conditions the air jet would still be 
entering non stagnant surroundings due, in the first instance, to the forward speed of the sprayer 
itself and then, once the jet reaches the target plant, to the influence of the canopy elements on 
the pressure field of the jet.
The effect o f the sprayer’s forward speed can be dealt with by treating the jet as if it were 
entering a stream of fluid travelling normal to its own axial direction (figure 1.4). In Rajaratnam 
(1976) a simple equation is given for the deflection of the axis of a plane jet by a stream of fluid 
normal to it:
' d
2bO
X
2bn, 0 )
i  1.15
a2
where a is the ratio of jet outlet velocity to the cross flow speed and Cd is a drag coefficient for
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the jet. This equation is derived by assuming that the deflection of the jet is due to the pressure 
difference caused by the free stream acting on the jet. The drag coefficient is based on the area 
of the je t normal to the cross flow and it has been found that it must be given a physically 
unrealistic large value (Cd = 2) in order to make equation 1.15 agree with experimental results. 
Typical orchard sprayers operate with outlet velocities of 40 ms' 1 and forward speeds of 2 m s'1, 
giving a = 20, and have outlet widths of order 0.1 m situated up to 5 m from the target plant. 
According to the above equation the axis of this jet would be deflected by 16 cm when it reaches 
the crop canopy due to the cross wind created by the sprayers motion.
A A A cross
flow
Figure 1.4 Plane Jet in a Cross Flow
Equation 1.15 also suggests some likely scaling principles for use in the design of jet outlets. In 
order to reduce the jet deflection experienced by a jet for a fixed value of kinetic energy o f flow 
at the outlet, given by
1 3 i >En = — p uad b n
o  ^  °  °
1.16
the outlet velocity should be reduced and the outlet width increased, assuming that there is a 
uniform velocity profile at the outlet. This principle was verified by Fox et al (1985).
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The second factor resulting in the jet entering into non stagnant surroundings is the existence of 
the plant canopy. In the region where the jet is influenced by the plant canopy some of the basic 
assumptions made in the derivation of the transport equations for the ideal plane turbulent jet no 
longer apply. Particularly, the axial velocity may not be greater than the transverse velocity and 
the pressure gradient in the axial direction is no longer negligible. As a result some other way of 
describing the je t’s velocity distribution is required.
At the absolute limit the canopy could be considered as a solid wall. Beltaos and Rajaratnam 
(1973) found that, for a plane jet impinging upon a solid wall, the jet would behave as an ideal 
plane turbulent free jet between the jet outlet and x/h~ 0.7, where x is the distance from the jet 
outlet and h is the distance from the outlet to the wall. Beyond this point there is an increase in 
the static pressure within the jet which results in the jet being deflected so that it travels along 
the wall. These experiments covered a range of values of h/2b0 from 14.04 to 67.5. Due to 
variations in plant spacing and structure orchard sprayers operate at a wide range of values for 
h/2b0. Upper and lower limits for h/2b0 of 1 and 50 would not be unreasonable (assuming that 
the outlet width 2b0 = 0.1 m and the distance from the sprayer to the canopy is between 0.1 and 
5 m). It seems fair to expect, then, that for air sprayer jets where h/2b0 ^ 14 the influence o f the 
canopy will only be felt beyond x/h = 0.7 where h is the distance from the jet outlet to the edge 
of the plant canopy. How the jet behaves beyond this point has been discussed in Walklate et 
al (1996) and will be discussed later in this report.
1.8.4 Non-planar jets
The theory described in section 1.8.1 for ideal plane turbulent jets applies to jets where the ratio 
of outlet width to height, termed the aspect ratio, is infinite (d0/b0 = °°). Obviously this is not the 
case for jets produced by air assisted sprayers. As mentioned in section 1.2 there are a variety of 
machine designs available on the market. One of the most common designs creates what is 
termed a fan jet that issues radially from the sprayer through an arc of 180°. Some sprayers have 
a facility to split this fan jet into separate jets through an arc < 90° for each side of the sprayer. 
Sprayers which produce rectangular jets with finite aspect ratios are sometimes used while others 
create round jets.
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Fan jets and round jets can be treated in a similar manner to that outlined above for plane jets. 
It is found that round jets and fan jets conform to the same non dimensional velocity profile as 
that for plane jets and also exhibit a linear growth o f jet width, although this growth rate differs 
for each type of jet (Rajaratnam, 1976). There is a difference in the decay of the centre line 
velocity of round jets and fan jets, however, compared with plane jets. Using similar arguments 
to those used for the plane jet it is possible to show that the centre line velocity for a round jet 
is given by
u c.
—  = —7 7 - 1.17
xla_
and for fan jets is given by
1 t-ciA" bm _  5 y  0 0C c . .  „ _ 1.18
U o
where d0 is the outlet diameter of a round jet, r 0 and b 0 are the outlet radius and half the outlet 
width respectively of a fan jet, x is the distance from the virtual origin, and c4 and c5 are 
constants which must be determined experimentally.
In studies of the behaviour of rectangular jets it has been shown that their centre line velocities 
decay in a manner similar to plane jets up to a point, beyond which there is a transition to a decay 
which is similar to that for round jets. The point at which this transition occurs is a function of 
the aspect ratio of the jet and also the geometry of the outlet. Yevdjevich (1966) found that for 
a rectangular jet with d</b0 = 5 the transition from plane jet to round jet velocity decay occurred 
at x/b0 = 80. Krothapalli (1981) described how the position of this transition could be affected 
by the geometry of the outlet. A jet exiting from a channel was found to maintain the plane jet 
velocity decay further downstream than a jet exiting from an orifice. In addition Rajaratnam 
(1976) set a lower limit for this type of behaviour o f d0/b0 = 5, below which the velocity decay 
is similar to that for a round jet directly after the flow development region.
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1.8.5 Two phase je ts
The existence of spray droplets within the air jet produced by air assisted sprayers is a further 
departure from the ideal plane turbulent free jet. Typical mass loadings (the mass of spray 
droplets per unit mass of air) created by air assisted orchard sprayers are of the order 0.1 which, 
according to the classification of Elghobashi (1994) results in a dilute suspension with no particle 
to particle interactions. Yoshida (1990), in an investigation of a two phase plane impinging jet, 
found that in the region where free jet behaviour was apparent the spreading of the jet was 
slightly reduced, compared with a single phase jet, by the introduction of 50 micron glass beads 
at a mass loading of 0.1. The reduced width was attributed to the transfer of momentum from the 
particles to the gas and the modulation of the jet turbulence by the particles. These effects were 
also noted in experiments on two phase round jets by Modarress (1982) which showed that the 
spreading rate, the centre line velocity decay and the turbulence intensity were all lower in a two 
phase jet than in a single phase jet. Experiments with different particle sizes suggested that small 
particles had a greater effect than larger particles for similar mass loadings. It was found that a 
two phase jet containing 200  micron glass beads at a mass loading of 0.1 had a gas phase centre 
line velocity 3% greater than a single phase jet at x/d0 = 30 while, in a later study by Modarress 
(1984), ajet containing 50 micron glass beads at the same mass loading produced an increase in 
centre line velocity of 9% at x/d0 = 20.This later study also showed that there was a linear 
relationship between the mass loading and the increase in the centre line velocity. The results for 
the 20 0  micron beads presented in the earlier study showed that the turbulence intensities were 
suppressed by a similar amount in the streamwise and the radial directions. In the later study 
using 50 micron particles the radial velocity fluctuations seemed to be suppressed more than the 
axial velocity fluctuations.
The work described above deals with the influence the particles have on the gas phase of the jet. 
A further problem is the influence of the turbulent structure of the jet on the dispersion of the 
particles within the jet. Chung and Trout (1988), in a numerical simulation of particle dispersion 
in a round jet, found that the rate of dispersion is dependant on the ratio of the particle response 
time for Stoke’s flow to the time-scale of the large turbulent structures of the flow, termed the
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Stokes number and given by:
Yx = — 1.19
T/
where
P dlx = ^-JL  1.20
p 18p,
and
In the above equations subscripts p and f  refer to properties of the particles and of the 
surrounding fluid respectively and d0 denotes the diameter of the jet outlet. The simulation 
suggested that at low values of yx («1) the particles closely follow the turbulent structure of the 
flow. At high values of yt (»1) the particles are less influenced by the flow structure and there 
is limited dispersion. At intermediate values of yT (~ 1), however, where the response time of the 
particles matches the time-scale o f the turbulent structure of the flow, there is a tendency for the 
particles to be flung out of the jet into the surrounding stagnant fluid.
This phenomena was verified in experiments by Longmire and Eaton (1992) using flow 
visualisation of round two phase jets with external forcing to vary the turbulent structure of the 
jet. They calculated the Stokes number of the jet, y, based on the vortex propagation velocity, 
which was assumed to be half the outlet velocity, and the spacing between vortex cores. This 
gave values of y corresponding to approximately half the values of yT reported by Chung and 
Trout (1988). For 3 < y < 6.5 they found that dense particle clusters formed which were shaped 
like arrow heads pointed in the downstream direction and with distinct tails on the downstream 
side of the cluster. These clusters were formed by strong outward convection of particles from 
the regions immediately downstream of vortex rings. Between the clusters were areas of 
relatively low particle number density.
20
If the value of yT is calculated for the experiment by Modarress it is found that the 200 micron 
beads give a value of 246 while the 50 micron beads give a value of 15. This would, perhaps, 
explain why the 50 micron beads had a greater influence on the flow. It also suggests that, as well 
as causing particles to be flung out of the flow, two phase jets with yT closer to unity will tend 
to suppress the jet growth and reduce the velocity decay more than those with yT» 1.
Applying these findings to the behaviour of the two phase air jets created by air assisted orchard 
sprayers will require a particle response time scale that is more general than that given by 
equation 1.20. This equation holds only for Stokes flow in which the Reynolds number given by
pfvd
Re = f  p 1.22
is less than 0.5 where v represents the velocity of the droplet relative to the surrounding air. 
Above this Reynolds number the droplets are deformed by the aerodynamic forces acting on 
them so that the cross sectional area normal to the flow is increased, which leads to a decrease 
in the value o f r p. An alternative time scale is
ur
t = — 1.23
P g
where % is the terminal velocity of the particle taking into account the deformation of the particle 
by the aerodynamic forces acting on it and g is the gravitational acceleration.
Keeping the decrease in the value of t p due to non-Stokes flow in mind, the effect of changing 
the outlet design on the dispersion of the droplets within the jet can be considered by assuming 
Stokes flow and looking at the trends only. Assuming that similar behaviour would be 
experienced by plane jets and substituting 2 b0 for d0 the typical air jet described in section 1.8.3 
operating with 2 0 0  micron droplets (this is a common size of droplets produced by air assisted 
sprayers) gives a value of yT « 50 using equation 1.20 for t p. However, reducing the outlet 
velocity and increasing the outlet width, as suggested from consideration of the jet deflection by 
a cross wind, will result in yT closer to unity with an associated increased risk of losing spray 
material into the surrounding air prior to the jet reaching the target plant, and clustering of the 
spray droplets within the jet leading to less even deposition on the canopy.
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It is worth mentioning here that other factors must also be considered when choosing the droplet 
size to be used by orchard sprayers. The effects of gravity, the wind, evaporation and impaction 
efficiency all vary with droplet size. The time that a droplet will take to fall to the ground is 
influenced by its size. For example a 20 micron diameter droplet initially at rest will take 4.2 
minutes to fall from 3 m through still air while a 200 micron droplet will take 4.2 seconds 
(Matthews, 1992). This means that smaller droplets will be exposed longer to the air movements 
present in orchards and will travel further downwind before settling out if they are not deposited 
on the target. In addition smaller droplets have a greater surface area per unit volume so are much 
more prone to evaporation. This is a problem when the relative humidity is low enough to cause 
the water to evaporate completely from the droplet before it has reached the target plant. The 
aerosol droplet of involatile pesticide which this leaves will be much more prone to drift as 
described above (Matthews, 1992). When considering the droplet number density that is produced 
on the target it is found that, for a given application rate, smaller droplets will tend to give higher 
numbers of droplets per unit area. This means that smaller droplets are likely to give better 
overall coverage of the plant (Matthews, 1992). Further factors which influence the selection of 
the droplet size are; the capture efficiency, which decreases with air speed, droplet diameter, and 
increasing width of target; and the dynamics of impaction, larger droplets being more prone to 
bouncing back off the target (Spillman, 1984). The selection of droplet size is, therefore, a 
balancing act between a large number of factors.
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1.8.6 Methods o f  modelling air je ts  from air assisted sprayers
Modelling the behaviour of jets from air assisted sprayers is a subject which has received 
attention over a considerable period of time. The most common approach is to use the theory of 
turbulent jets described in section 1.8.1. Kurdov (1968) used the equation for the centre line 
velocity decay of a round jet, with some empirical modification to account for the effect of the 
canopy and the sprayer’s movement, to aid selection o f the type of fan to be used in an orchard 
sprayer. This equation took the form
“m 0.48
— +0.145
d0
X  <  X „ y
BX 1.24
for flow outside the canopy and
Um 0.48
X  £  X B X
££. ♦ 0.145 * X2S
d .  d.o o
for flow within the canopy. In these equations d0 is a length scale of the outlet, a is a coefficient 
of turbulence for the outlet, xBX is the distance from the outlet to the canopy and m is a 
coefficient taking account of the turbulence in the canopy and the motion of the sprayer. 
Equation 1.24 is basically the equation for the centre line velocity decay of round jets given in 
section 1.8.4 (equation 1.17) with the term 0.145 being an adjustment for the virtual origin of the 
jet and the coefficient, a, giving the constant in the numerator of equation 1.17. Equation 1.25 
has a further term introduced in the denominator which is based on experimental results for the 
increased velocity decay which occurs inside the plant canopy.
The theory o f turbulent jets has also been used by Gorgiev and Propenko (1968) who gave an 
account o f how the theory could be applied to calculating parameters of air jets from air blast 
sprayers. Randall (1971) derived equations for the velocity decay of a fan jet, using this theory, 
and made comparisons with results obtained from an experimental orchard sprayer. This 
application of the theory of turbulent jets to the behaviour of air sprayer jets was extended by 
work at Ohio State University and the US Department of Agriculture. This has resulted in
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computer based mathematical models for the behaviour of air assisted sprayer fan jets (Brazee 
et al, 1981) and also models for the effect of wind, or sprayer motion, on the behaviour of the air 
jet (Fox et al, 1985). All of these studies assume that the existence of the liquid phase has a 
negligible effect on the air jet.
None o f the applications of turbulent jet theory described above deal analytically with the 
behaviour of the air jet within the canopy. The procedure recommended for selecting the blower 
specification is to work back from conditions at the edge of the plant canopy, fixed from 
empirical data on what gives the most effective pest control, to calculate the outlet conditions that 
will best meet these requirements. This reliance on empiricism makes the development of 
alternative designs a time consuming process. Hale (1978) tried to circumvent this problem by 
developing a protocol for carrying out wind tunnel experiments to evaluate the effectiveness of 
design changes. This still relies on empiricism however. An alternative to this has recently been 
offered in the shape of a model for the penetration of plane air jets through plant canopies 
proposed by Walklate et al (1996). This model is based on the form of the momentum equation 
for flow through plant canopies driven by the atmospheric boundary layer given by Raupach et 
al (1986) but with suitable boundary conditions introduced to take account of the form of the jet.
The small scale volume and time averaged velocity field for the jet flow through the canopy is 
fully described by the equation:
U(x,y) = UF(x)G(y) 1.26
where G is a Fourier series, and F is the penetration profile function given by
F(x) = exp(-fcc) 1.27
with the coefficient k being dependant upon the length of adjustment from the free jet regime to 
the canopy jet regime, the crop structure and the speed of the sprayer. In these equations the x 
ordinate takes its origin at some point in the region where the jet transforms from its original 
form outside the canopy to the fully developed profile inside the canopy. This is analogous to the 
position of the virtual origin of free jets.
This theory for jet flow through plant canopies has the potential to allow a full description of the
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flow from the jet outlet up to and through the canopy to be made. The work of Walklate et al 
showed how the coefficient k (b in their notation) was affected by changes in the canopy 
structure and jet properties. No attempt was made to verify the form of the Fourier series used 
to describe the transverse velocity profile, which is necessary to give a full description o f the 
flow. In addition to this the position of the origin of the x coordinate in equation 1.27 also needs 
to be determined so that the flow behaviour inside the canopy can be linked to the flow outside 
the canopy.
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2. REVIEW OF WORK CARRIED OUT IN THE PAST 24 MONTHS
2.1 Experimental Work
The initial experiments were intended to give experience of the equipment, techniques and some 
of the theory involved in the study of air jet flows through plant canopies. The experiments were 
focused on two areas of interest: the model of Walklate et al (1996) for the penetration of air jets 
through plant canopies and the flow channelling effect within plant canopies identified in the 
CFD simulations of Weiner (1993). The apparatus and methodology were similar to that used 
in a previous study at Silsoe Research Institute to test the penetration of an artificial crop canopy 
by the air jet from an air assisted orchard sprayer (Walklate et al, 1996). This experiment differed 
from the previous study, however, in that the air jet was produced by a stand alone fan rather than 
an actual orchard sprayer and the artificial crop canopy was nominally two dimensional rather 
than three dimensional.
The model proposed by Walklate et al gives a two dimensional description of the flow of an air 
jet through a plant canopy. This suggests that in the region where similarity arguments apply to 
the velocity profile, the jet axial velocity is given by
U(x,0) = Uoexp(-kx) 2.1
where k is a factor that accounts for variation in sprayer speed, crop structure and the structure 
of the jet at entry into the crop. The laboratory experiment would allow manipulation o f the 
sprayer speed and crop structure to determine how sensitive the flow was to these parameters. 
The CFD simulations by Weiner, of jet flow through ordered, two dimensional canopies, 
suggested that jets undergo multiple bifurcations around the canopy elements and channel along 
paths of least resistance.
The same apparatus was used to investigate the penetration model and the flow channelling 
effect. This consisted of a cross flow fan (Airwheel, Poole, Dorset, model 1/133/600/4M806/LH, 
outlet width 0.09 m, height 0.6 m ) connected to a carriage that could traverse the laboratory at 
varying speeds on an overhead gantry. The artificial crop canopy was constructed from vertical 
layers of steel mesh positioned parallel to the gantry. The level of blockage to the flow was
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varied by adding 50 mm wide strips of tape vertically on to the layers of mesh. The air velocity 
inside the canopy was measured using a three dimensional ultrasonic anemometer.
The artificial crop canopy used initially is described in the first six month report (Cant, 1995)(I). 
It consisted of five sheets of mesh with frontal area 1.2 m long by 0.8 m high spaced 0.23 m apart 
to allow access for the anemometer and with a lid and a base to ensure a two dimensional flow. 
The steel mesh alone produced 23.8% blockage to the flow on each plane. Preliminary trials with 
zero, 20% and 40% additional blockage suggested that alterations to the rig were necessary: to 
prevent end effects before the fan reaches the canopy and after it passes the canopy, to give an 
air jet that is normal to the canopy row, and to give better control over the speed of the carriage. 
A longer canopy was constructed, a hinge mechanism was installed on the fan mounting, and the 
carriage drive was geared down to overcome each of these problems respectively.
The new canopy was again constructed from five layers of steel mesh spaced 0.23 m apart and 
positioned as before but the frontal area was increased to 2.45 m long by 0.85 m high and the 
mesh alone now produced only 11.6% blockage to the flow on each plane. On installation, strips 
of tape were added to the mesh, as before, to give 40% additional blockage to the flow. A full 
description of this apparatus is given in Cant (1996)(2).
Although the same apparatus was being used to investigate the jet penetration model and the flow 
channelling effect, different methodologies were required. To investigate flow channelling, 
velocity profiles were obtained by logging velocity at a number of positions within the canopy 
with the fan at a fixed position. This was repeated for five positions of the fan relative to the 
canopy elements as it was found that the flow produced within the canopy was very sensitive to 
changing the position of the fan (Cant, 1996)(2). The penetration model was investigated by 
logging velocity time series as the fan travelled past the canopy. Measurements were made at 
three distances from the fan into the canopy and at each of these distances measurements were 
made at five positions along the row covering one blockage period as it was found that the 
velocity time series produced was very sensitive to the position of the anemometer relative to the 
canopy elements.
The paper for the 1995 Eng.D. conference, which is included in the 12 month report (Cant,
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1995)(2), contained some results from the flow channelling and jet penetration experiments. The 
velocity time series presented were obtained with the anemometer sampling at a frequency of 21 
Hz. At the highest fan traverse speed this results in a spatial resolution (the distance travelled by 
the fan between each sample in the velocity time series) of 95.2 mm. An analysis was carried out 
to determine if this was the cause of the change in flow structure that was recorded at the higher 
fan traverse speeds and it was shown that the flow structure would still be recorded, although the 
peaks and troughs would be attenuated. The conclusion of this paper was that the air flow 
through the canopy is reduced as the fan traverse speed is increased. This result was based on 
measurements made at a single point within the canopy for a range of fan traverse speeds (0.3, 
0.5, 1.0, and 2.0 ms'1). Subsequent results have shown that this conclusion was incorrect. When 
spatial averaging is employed to remove the transverse variation in the flow over the distance 
between canopy elements the air flow through the canopy actually increases with the fan traverse 
speed (Cant 1996)(2).
In order to overcome the attenuation of the peaks and troughs of the velocity time series due to 
the low sampling frequency at high fan traverse speeds it was decided to switch to using the 56 
Hz sampling frequency available from the anemometer for the jet penetration experiments. This 
required post processing of the data from the anemometer to give U, V and W components of 
velocity but meant that the spatial resolution at the highest fan traverse speed was increased to
35.7 mm. The measurements that had been carried out at 21 Hz sampling frequency were 
repeated and the experimental protocol for 40% added blockage was completed at this higher 
sampling rate.
The complete results of the jet penetration and the flow channelling experiments are contained 
in Cant (1996)(2). The flow channelling experiment showed aspects of the flow bifurcation 
process and the flow channelling along paths of least resistance, however the results did not show 
the clear cut channelling shown in the CFD simulations of Weiner. This can be attributed to the 
differences between the canopy geometry used in the experiment and that used in the simulation. 
The jet in the simulation covered two repetitions of the canopy elements and the ratio of the layer 
separation distance to the blockage period was 0.5:1. In the experiment the jet was actually 
narrower than the blockage period giving a layer separation to blockage period ratio of 1.84:1. 
There was no way of reconciling these differences between the experiment and the simulation
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using the existing apparatus. It was felt that enough had been achieved from this experiment and 
that pursuing it any further would be unrewarding.
The results of the jet penetration experiment highlighted a problem in analysing flows through 
canopies with the penetration model (equation 2.1). This model quantifies flow properties that 
are volume averaged to remove the local variation created by the canopy elements but preserve 
the large scale features of the jet. Flow channelling effects within the canopy make it very 
difficult to establish a suitable method of volume averaging the velocity time series obtained 
within the canopy. A true volume average could have been produced by averaging the five 
ensemble averaged velocity time series obtained at each penetration distance into the canopy. To 
make this calculation possible it is necessary to have accurate data for the position of the fan 
relative to the anemometer across the entire velocity time series. This information was not 
available so some other method of analysing the data was required. It was decided that, rather 
than studying the detailed structure of the flow to obtain peak velocities, the integral properties 
of the flow could be used to determine the jet penetration. Ideas for characterising the jet velocity 
and jet width using scaling groups based on the integral properties of the flow are currently being 
developed to allow analysis of the jet penetration results using the model of Walklate et al 
(1996).
An alternative measurement strategy, with the anemometer moving with the fan, would have 
avoided the problem of calculating a volume average. If the position of the anemometer was 
varied relative to the fan centre line a jet profile could be built up from the mean velocity 
obtained for each anemometer position. This would, in effect, convert a problem of unsteady 
flow to one of steady flow. The apparatus being used made it impossible to traverse the 
anemometer with the fan.
Ensemble averaged velocity time series, together with their flow and momentum integrals, and 
integrals for the flow produced in the absence of the canopy are reported in Cant (1996)(2). The 
behaviour of the integral properties of the flow highlighted an interesting feature of the flow. 
Extrapolating the data for the integral properties back towards the jet outlet suggested that higher 
losses of air flow and momentum flux are incurred at the first layer of the canopy than occurs 
inside the canopy. An exponential decay proved to give a reasonable description o f the
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momentum flux inside the canopy and it was found that extrapolation of these curves gave the 
position of initial jet momentum (that is the momentum of the jet in the absence of the canopy) 
behind the jet outlet. The jet flow through the canopy was relatively stable, but higher than the 
flow rate produced at the jet outlet. Increasing the forward speed of the fan increased the flow 
through the canopy. In the analysis of these results the initial momentum flux and flow integral 
were implied from results obtained with the jet in the absence of any obstructions, making the 
assumption that the jet output is not affected by the presence of the canopy or the forward speed 
of the fan. The true value o f the initial flow properties could have been obtained by making 
measurements of the jet flow before the first layer of blockage. This would also have made it 
possible to calculate the gradient of the integral properties over the first layer and if any variation 
occurred in the fans output as the fan forward speed was increased. Unfortunately making 
measurements in front of the first layer of blockage was impossible as the anemometer head was
0.23 m in diameter while the jet outlet was only 0.06 m from the canopy.
Although the original plan for this experiment was to investigate the various levels of blockage 
and various fan forward speeds, it was decided that it would be more useful to proceed onto 
development of new apparatus that would incorporate design changes to allow investigation of 
the flow behaviour at the canopy interface and in the region between the jet outlet and the canopy. 
This new apparatus will include the ability to vary the canopy geometry and the jet forward speed. 
Initial ideas for these experiments were put forward in the eighteen month report (Cant, 1996)(I) 
and are expanded upon in section 3 of this report.
2.2 Literature Review
Investigation of the literature has continued throughout the first two years of the project and much 
of the fruits of this are contained within this report. The introduction contains references to 
articles on the broad aspects of pest control in orchards; a description of typical orchard sprayers, 
what chemicals are used, the likely impacts on the environment and what prospects there are for 
improvement. Section 1.7 goes into more detail to show clearly how this project can be included 
under the banner of Environmental Technology and section 1.8 describes what theory is involved 
in the study of air assisted sprayers.
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The literature review also highlighted the lack of information on the performance of orchard 
sprayers as used by growers, the plant geometry within orchards, and the operating practises and 
attitudes of growers. This lack of information is the basis of the information gathering process 
described in section 2.3.
2.3 Information Gathering on Pest Control in Orchards
The motivation for this exercise was given in the 18 month report (Cant, 1996)(1). A draft 
questionnaire has been prepared, shown in appendix 1. This should be considered as a discussion 
document only that will be used to illicit responses from people with the relevant expertise as to 
the questions to be asked, and the methodology to be used in the information gathering process.
Contact was made with Jerry Cross of HRI, East Mailing, who conducted a limited survey of 
orchard spraying practises in 1986. He indicated that he would be interested in collaborating on 
a more detailed survey.
An analysis of the orchard spraying machinery on the market from one manufacturer (Hardi, 
Nuneaton) was conducted by reviewing the company brochures. The information obtained is 
shown in table 2.1. It should be noted that the values for blower and pump capacities shown in 
this table are maximum values and the mass loading of spray droplets at the outlet is calculated 
from these values.
2.4 Contract Work
I have been involved with other projects being carried out at Silsoe Research Institute on a 
number of occasions in the past two years. Generally this has been as an assistant during field 
experiments with little contribution to the subsequent reporting. Plans have been mooted for 
greater involvement in external projects in the future, in areas that are closely related to my own 
project. - -
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2.5 Use of Computational Fluid Dynamics
From the start of this project it was felt that use of computational fluid dynamics (CFD) could 
prove useful at some stage. The initial experiments were partially motivated by the results of 
CFD simulations carried out by Weiner (1993). To gain a basic understanding of the principles 
behind CFD a one week course on turbulence modelling for CFD was attended at UMIST and 
an assignment was completed (Cant, 1996)(3) to allow this course to count as an elective module. 
As yet no specific problem within the project has been identified as amenable to CFD but this 
does not rule out use of this technique at some time in the future.
2.6 Courses Attended
A list of the compulsory and elective modules taken in the first two years are shown in appendix
2. To date all module assignments have been completed satisfactorily.
2.7 Development of Thesis
Over the first two years of the project there has been a gradual focussing of the project aims. The 
initial project brief stated that the aims of the project were to:
1. Develop a theoretical description of the important interactions between the air jet flows 
from an air assistance sprayer, the crop canopy, and the lower atmospheric boundary layer.
2 . Validate key elements of the theory by experiment.
3. Demonstrate the use of the theory as the basis for enabling matching of control 
characteristics of air assistance sprayer systems to key structural features of crops and the 
conditions of the local atmospheric boundary layer to bring about reductions in 
environmental contamination and improve target deposition.
The choice of the crop to be studied would have a significant bearing on the project. The use of 
air assistance in orchard sprayers is well established as the industry standard while the use of air 
assistance on boom sprayers for the treatment of cereals, potatoes, brassicas and other ground 
crops is a more recent development. These two categories of crops (orchard crops and ground 
crops) have very different characteristics. Orchard crops are tall, grown in broad rows and are
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fully porous, in that the air can travel through the crop and come out the other side. Ground crops 
are distributed relatively evenly on the ground (although they are grown in rows the crop soon 
develops to disguise the rows) and are only partially porous, in that beyond the plant canopy is 
the ground. A decision was made to focus on orchard crops because of their reputation for being 
especially prone to causing drift (see section 1.5).
The project aims called for a description of the interactions between the air jet, the crop canopy, 
and the lower atmospheric boundary layer. Once the decision had been made to concentrate on 
orchard crops an experimental study was planned to give an introduction to the subject and to 
investigate the recent developments in the description of air jet flows through plant canopies (see 
section 2.1). The emphasis of this experiment was on the interactions between the jet and the 
canopy. Interactions with the lower atmospheric boundary layer were not considered at this time.
The results of the introductory experiment showed the importance of the interactions occurring 
at the interface where the jet first encounters the canopy. This led to ideas for future experimental 
work. In the eighteen month report (Cant,1996)(1) a method was proposed for dividing the 
pathway for the production of drift into a number of discreet stages. This identified the 
interactions at the interface between the jet and the canopy, and the length scale of the 
disturbance into the atmospheric boundary layer above the canopy as important factors in the 
production of drift. It was proposed that it would be possible to relate the magnitude of the length 
scale to the behaviour of the jet at the canopy interface, which would be described by a 
relationship for the jet penetration based on the sprayers speed and the configuration of the jet 
and the canopy.
Also in the eighteen month report was an outline of experiments that would help in the 
development of this theory. The first of these planned to investigate the behaviour of the jet in 
the region where it first encounters the crop canopy. The second was planned to try to determine 
how the behaviour at the canopy interface influences the deflection of the jet around and over the 
canopy. Further developments in the planning of these experiments is given in section 3 of this 
report. The investigation of the behaviour of the jet at the canopy interface will be split into two 
stages: study of the behaviour of the jet impinging upon a single porous plane, and of a jet 
impinging upon an artificial canopy.
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3. LONG TERM PROJECT PLAN
3.1 Overall Aim of Experimental Work
The work carried out on the previous artificial crop canopy reported in Cant (1996)(2) highlighted 
the transition that occurs between the theory of free turbulent jets (Rajaratnam, 1976), which 
applies outside the canopy, and theory for the behaviour of the jet inside the canopy (Walklate 
et al, 1996). In order to determine the behaviour of the flow inside the canopy using the model 
of Walklate et al it would be necessary to determine the origin of the exponential decay. The aim 
of this work is to determine how the position of this origin is affected by changes in the canopy 
and jet configuration and, in addition, to attempt to characterise the behaviour of the jet in the 
transition region. This knowledge will help in defining the optimum jet configuration, based on 
efficacy of control and spray drift levels, for a given plant geometry.
It should be bome in mind that the forward plan will be subject to review and possible alteration 
as the project progresses.
3.2 Single Plane Experiment
This proposal is made under the assumption that no other investigation of this type has 
been carried out. Several papers have been identified that could contain work of this 
type and these have been placed on order. If these are found to contain the information 
which this experiment aims to provide then this proposal will be abandoned.
3.2.1 Aim
The aim of this experiment is to investigate the behaviour of a plane turbulent air jet impinging 
upon a single, porous flat plate in order to characterise the behaviour of the jet in the transition 
region. This will give a base line for later comparisons with a je t impinging upon an obstacle 
consisting o f elements which are dispersed in the axial direction, as is the case with a plant 
canopy.
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3.2.2 Theory
The behaviour of a free plane turbulent jet is well understood (see section 1.8.1) as is the 
behaviour of a plane turbulent jet impinging on a solid wall. A study by Beltaos and Rajaratnam 
(1973) established a relationship for the centre line velocity of a plane impinging jet based on the 
observation that the transverse gradient of the product of the u and v components of velocity was 
independent of x and y
d_
dy
(uv)y-o = constant 3.1
for x/h 0.75 and y/h £ 0.07 where x is the distance from the outlet and h is the distance from 
the outlet to the wall. This result is combined with mass continuity and the boundary conditions 
that at y = 0 ; u = um, v = 0 and at x = h; u = 0 to give the following expression for the centre line 
velocity:
0* 
Uo \
h = c.
2b \
1 - -  3.2
which applies for 1 > x/h >0.75. They found that a value of c = 5.50 gave good agreement with 
their experimental results, which were for h/2b0 from 14.04 to 67.5.
For a plane jet impinging upon a porous wall there are some differences that would appear 
obvious and others that are less clear. The boundary conditions will be altered as a result of the 
flow through the wall: at x = h; u * 0. It is expected that the value of u at the wall will scale in 
some way with the porosity. It could be expected that for low values of porosity there will be a 
region where equation 3.1 will apply. It is thought that the extent of this region will be less than 
that for the solid wall and will reduce as the porosity is increased. At high values of porosity 
some other method of scaling the velocity field may be required.
A possible alternative approach is to determine a drag coefficient for the porous wall to allow the 
amount of momentum lost by the jet to the wall to be quantified. If measurements are made far 
enough upstream and downstream of the jet, at positions denoted by the subscripts 1 and 2  where
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the pressure within the jet is equal to that of the surroundings, the force per unit length acting on 
the wall can be given by
Fx = f p ( u ? - u l ) d y  3.3
The usual definition of the drag coefficient of an object in a free stream is
^  _ Total Drag Force
1 T . 3.4 
—P
2
where u„ is the velocity far upstream of the obstacle and A is the frontal area of the obstacle 
(Massey, 1971). Some other method is required in this case as the velocity of the fluid upstream 
is not uniform and the area of the obstacle is infinite. The denominator of equation 3.4 is equal 
to half the momentum flux flowing through an area far upstream of the object equal to the frontal 
area of the object. It is proposed that this could be substituted by the momentum flux of the jet 
far upstream of the obstacle resulting in
f p(«f ~u^)dy
Cd = —----------------  3.5
j fp
For a je t impinging on a solid wall u2 = 0 so the integrals in the numerator and denominator of 
equation 3.5 will cancel to give Cd = 2. As the porosity increases so to will u2 and the value of 
Cd will decrease.
3.2.3 Materials and methods
Single plates with a range of porosities will be used. As stated in section 1.3 the leaf cover of an 
orchard has a high degree of spatial variability. At times the jet will experience no interference 
(i.e. 100% porosity) while in dense canopies the leaves will give much higher resistance to the
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jet. It is therefore proposed that the full range of porosities from 0 to 100% be investigated. The 
extremes will give the structure of the free jet and the jet impinging upon a solid wall. Between 
these extremes porosities of 20%, 40%, 60%, and 80% will be investigated. The size of the holes 
in the porous wall will be kept small to minimise small scale spatial variability of the flow.
Measurements of the u and v velocity components of a jet from a stationary source impinging 
upon each plate will be made using a one dimensional laser doppler anemometer (LDA). 
Experience will be gained with the LDA in simple flows (probably in the wind tunnel at Silsoe 
Research Institute) before the measurement methodology for this experiment is finalised. The 
initial plan is to make measurements at a total of 16 cross sections of the jet to allow the free jet 
behaviour, the behaviour of the jet in the transition region, and the drag coefficient for the porous 
wall to be identified. The cross sections will be located to give five cross sections prior to the 
transition region, five in the transition region prior to the wall, five in the transition region 
beyond the wall and one downstream of the transition region beyond the wall. At each cross 
section velocities will be logged at 20 y coordinates. It is hoped that flow visualisation of the jet 
will allow the specific regions of the jet to be identified before the measurements commence. It 
should be possible to identify the onset of the transition region from the point at which there is 
an increase in the growth rate of the jet. This will require a method of positioning the LDA probe 
so that measurements can be made for the u and v components at the same position.
The results will be analysed to determine the limit beyond which free jet behaviour breaks down 
and to determine a method of quantifying the behaviour of the jet within the transition region for 
different values of porosity.
3.3 Isotropic Canopy Experiment
3.3.1 Aim
The aim of this experiment is to determine the position of the origin of the decay function 
(equation 2 .1) in the model for penetration of an air jet directed through a plant canopy given by 
Walklate et al and to determine how the distribution of the canopy elements affects the behaviour 
of the air jet in the transition region. It is expected that the positions of departure from free jet 
behaviour, adoption of canopy jet behaviour, and the origin of canopy jet behaviour will not
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coincide (figure 3.1). An attempt will be made to determine if the flow in the impingement region 
acts as if a single porous plate was present, with effective porosity dependant on the projected 
porosity of the canopy and on the distribution of the canopy elements.
x/h
Figure 3.1 Origin of the Jet Behaviour Within the Canopy
3.3.2 Theory
The experiment described in section 3.2 will give the basis for describing the behaviour of the 
air jet in the transition region. Determination of the origin of canopy jet behaviour will be based 
on the model of Walklate et al.
4.3.3 Materials and methods
A two dimensional artificial crop canopy will be used that will allow the projected porosity and 
the distribution of the canopy elements to be varied. The design of this canopy will ensure that 
the three regions of the jet that are of interest (that is where free jet theory applies, where theory
39
for jet flow through plant canopies applies, and the transition between these two regions) are 
clearly identifiable. Lessons learned from experiments with the previous artificial crop canopy 
will have a bearing on the design. The elements which make up the canopy will be small 
compared to the width of the jet to try to reduce the small scale spatial variability of the flow 
within the canopy. The use of the LDA combined with the small size of the elements should 
allow measurements to be made for a greater number of x values within the canopy than was 
possible in the previous experiment using the ultrasonic anemometer (section 2.1). An attempt 
will be made to create a canopy which is isotropic in the x-y plane (that is with equal blockage 
to the flow in the x and y directions). Whether this is done with cylindrical elements or with flat 
elements arranged normal to one another has not been finalised (figure 3.2).
(a) (b)
Figure 3.2 Possible Arrangement of Blockage Elements for Isotropic Canopy, (a) Flat 
Elements, (b) Round Elements.
Initially measurements will be made of the u and v velocity components of a jet from a stationary 
source impinging on the canopy to allow comparison with the results for a jet impinging upon 
a single porous plate. The results will be analysed to determine the bounds of the transition 
region and the position of the origin of canopy jet behaviour. The latter will be calculated by 
extrapolating the curves for flow properties within the canopy back to the intersection with the 
curve for the free jet outside the canopy. Once this has been achieved for a stationary jet source 
the effect of the jet source moving will be investigated.
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3.4 Spray Deposition Experiment
3.4.1 Aim
The above two experiments should provide a means of predicting the flow field produced by a 
given two dimensional jet configuration flowing through a two dimensional canopy of given 
geometry. This should allow the design of the jet to be matched to the canopy to give the best 
penetration into and through the canopy. This experiment will test if  the resulting design gives 
uniform distribution of spray within the canopy and how much spray fails to enter the canopy.
3.4.2 Materials and methods
The artificial crop canopy described in the previous section will be used together with ajet outlet 
adjusted according to the recommendations from the previous work. In addition nozzles will be 
placed inside the jet outlet to give ajet containing droplets of similar size and with mass loading 
similar to that produced by a typical orchard sprayer but with a food colouring used in place of 
pesticide active ingredient. Paper strips will be attached to the elements of the canopy to collect 
the spray and these will be analysed to determine how well the spray is deposited within the 
canopy. In addition drift lines will be placed behind the fan to give an estimate of how much 
spray is being deflected along the row. This experiment will have to be carried out with the jet 
source moving past the canopy.
3.5 Information Gathering on Pest Control in Orchards
The draft questionnaire in appendix 1 will be further developed. Input will first be sought from 
people with an interest in the results of this exercise to determine if there are any other questions 
which should be asked and if there are any that are unsuitable or unnecessary. A revised draft 
questionnaire will then be prepared and this will be given to the social scientists at the University 
of Surrey for critique and advice on the best methodology to adopt. In parallel with this a small 
number of growers will be identified on which the resulting survey methodology will be tested. 
The proposed time scale for this work is shown in appendix 3. In summary the test survey will 
be carried out in the first nine months of 1997 and the full survey during the Winter of 1997/98. 
This plan will be subject to review as the work proceeds.
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4. SHORT TERM PROGRESS AND OBJECTIVES
4.1 Summary of Objectives From 18 Month Report (Cant, 1996)(,)
4.1.1 Experimental
The laser doppler anemometer system (Dantec Measurement Technology A/S, Tonsbakken, 
Denmark) that is to be used in the experiments on jets impinging upon porous bodies described 
in section 3.2 was to be commissioned. Measurements were to be made in simple flows to ensure 
confidence in the operation of this system.
The design of the new rig for use in the canopy interface experiments was to be finalised and 
submitted for construction. Initial experiments were to be carried out on this rig once the 
construction was completed.
4.1.2 Literature review
Papers were on order covering several subjects: impinging air jets, jets in cross flows and broad 
aspects of pest control and the environment. In addition the behaviour of jets containing liquid 
droplets was still to be investigated.
4.1.3 Information gathering on pest control in orchards
A proposal was to be prepared on the best way to obtain information on pest control practises 
within orchards. General information, on which the proposal could be based, was to be sought 
from people working in this field.
4.1.4 Modules and reports
There were two assignments outstanding for compulsory modules attended earlier this year:
1. Risk communication (due by 1 May).
2. Environmental Law (due by 7 June).
Three more modules were to be attended during the six month period:
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1. Finance and Marketing (15-19 April).
2. Flow and Dispersion in the Environment (10-14 June).
3. Sociology II (24-28 June).
In addition the advanced leadership module was provisionally planned for the week commencing 
26 August.
The data from the experimental work carried out in the first 18 months of the project was to be 
collated into a Silsoe Research Institute divisional report.
The end o f year two report, which comprises a dissertation of no more than 10,000 words, was 
to be prepared.
4.2 Summary of Progress Towards Objectives
4.2.1 Experimental
No progress has been made on commissioning the laser doppler anemometer. Initial experiments 
have been carried out to determine how the two fans that are intended for use in the canopy 
interface experiments could be arranged to give a jet which conforms to the theory for free 
turbulent jets. It is believed that an arrangement which meets this objective has been found and 
construction of a framework to hold the fans has been completed. Ducting for the fan outlet still 
has to be made.
The design of the artificial plant canopy to be used in the canopy interface experiment still has 
to be finalised. Issues for consideration in the design of this canopy are discussed in section 3.3.
4.2.2 Literature review
Information has been found on the subjects which were identified in the 18 month report as 
requiring further investigation. In addition the introduction to this report, containing much of the 
information found in the literature relating to crop protection and the behaviour of air jets, was 
prepared.
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4.2.3 Information gathering on pest control in orchards
A draft questionnaire has been prepared and contact made with a possible collaborator. Further 
details are given in section 2.3 of this report.
4.2.4 Modules and reports
The assignments for the risk communication and environmental law modules were submitted on 
time. The finance and marketing module, which is distance learning, is still outstanding, while 
the flow and dispersion in the environment and sociology II modules were both postponed. The 
advanced leadership module was attended from 24-29 August. In addition a day training course 
for the PA1 certificate of competence in the use of pesticides was attended on 26 July.
The data from the experimental work carried out in the first 18 months has been collated into a 
report (Cant, 1996)(2) and this 24 month report has been prepared.
4.3 Objectives to Be Met by April 1997
4.3.1 Experimental
The design for the experimental rig to investigate the behaviour of an air jet impinging on a single 
porous plate will be finalised (section 3.2) and submitted for construction. This should be 
completed by the end of October to enable the experiments to be carried out from November 1996 
- February 1997.
Design and construction of the experimental rig for the next stage of the experimental work, using 
an isotropic artificial plant canopy (as described in section 3.3) will be finalised by April 1997. 
If the literature review reveals that studies of jets impinging on porous planes have been carried 
out in the past then work will proceed onto investigation of a jet impinging upon an isotropic 
artificial plant canopy.
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4.3.2 Information gathering on pest control in orchards
The preliminary interviews should be under way by April 1997. This will require identification 
of a sample group for the survey and preparation and revision of the questionnaire.
4.3.3 Modules and reports
Presently there are two assignments outstanding for compulsory modules attended earlier this 
year:
1. Finance and marketing
2. Advanced leadership
Two more modules will be attended during the coming six month period:
1. Risk management (25-29 November 1996)
2. Environmental economics (19-21 February 1997)
A report on the single plane experiment described in section 3.2 will be prepared.
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Appendix 1 Draft Questionnaire for information gathering exercise 
SECTION 1 FARM DETAILS
This section asks for general information regarding your holding.
(1.1) What is the total area of your holding (tick one).
hectares
0-1 0
10-20
20-30
30-40
40-50 ■
other (please state)
(1.2) How many full time employees are there on the holding
number
1
2
3
4
other (please state)
(1.3) Do you work on the holding? (delete as applicable) Yes No
(1.4) How much of your holding is planted in the following crops
crop area
(hectares)
dessert apples
cider apples
pears
cherries
plums
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(1.5) Please enter the growing systems used for the following crops in the tables below 
(Table 1.5 a) Desert apples______________________________________________
Appendix 1 Draft Questionnaire for information gathering exercise
Area
(hectares)
Variety Root stock Row spacing  
(metres)
Plant spacing  
(metres)
Plant height 
(metres)
A ge
(years)
Code
A l
A2
A3
A 4
A5
A 6
(Table 1.5 b) Cider apples
Area
(hectares)
Variety Root stock Row spacing 
(metres)
Plant spacing 
(metres)
Plant height 
(metres)
A ge
(years)
Code
B1
B2
B3
B4
B5
B6
'Table 1.5 c) Pears
Area
(hectares)
Variety R oot stock Row spacing 
(metres)
Plant spacing 
(metres)
Plant height 
(metres)
A ge
(years)
Code
C l
C2
C3
C4
C5
C6
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(Table 1.5 d) Cherries_________________________________
Appendix 1 Draft Questionnaire for information gathering exercise
Area
(hectares)
Variety Root stock Row spacing 
(metres)
Plant spacing  
(metres)
Plant height 
(metres)
A ge
(years)
Code
D1
D2
D3
D 4
D5
D6
(Table 1.5 e) Plums
Area
(hectares)
Variety R oot stock Row spacing 
(metres)
Plant spacing 
(metres)
Plant height 
(metres)
A ge
(years)
Code
E l
E2
E3
E4
E5
E6
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Appendix 1 Draft Questionnaire for information gathering exercise 
SECTION TWO SPRAYING DETAILS
This section asks for details of the spraying program used on your holding.
(2.1) What fraction of the orchard spraying on your holding is carried out by yourself or an 
employee (tick one)
100%
90%
80%
70%
60%
50%
40%
30%
2 0 %
10%
0 %
If you have ticked the last box above please jump to question 2.5
(2.2) Please list the orchard spraying machinery used by yourself or an employee.
In the box “Crops treated with this machine” please list the codes (from tables 1.5 a-e) of the 
plants which are treated with each machine
Make Model Age (years) Crops treated with this machine
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(2.3) How often do you replace the nozzles on your sprayer (tick one)
Appendix 1 Draft Questionnaire for information gathering exercise
when required
eveiy season
twice per season
three times per season
other(please state)
(2.4) How often do you calibrate your sprayer (tick one)
every time used
whenever used on a different crop
annually
whenever using different chemical
other (please state)
(2.5) Which of the methods below is closest to the system used in your orchards (tick one)
routine spraying during treatment period based on the number of days since the last application
spraying when a particular pest rises above a certain threshold level
organic (no chemical pest control)
other (please state)
(2.6) From which sources do you receive information on pest control (tick as many as apply)
magazines (e.g Grower, Farmers Weekly etc)
books (e.g. BCPC Green Book, MAFF codes of practise)
chemical suppliers
machinery suppliers
grower groups
extension workers (e.g. ADAS, NFU)
other (please state)
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(2.7) Please state how appealing the following would be to you (tick one for each category)
Appendix 1 Draft Questionnaire for information gathering exercise
strongly in 
favour
in favour neither in 
favour nor 
against
against strongly
against
Use of less chemicals
Fewer applications
Faster application rates
Improved targeting of crop
Fewer tank fills
Improved chemical transfer systems
Reduced drift
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Appendix 2 Modules undertaken in the first two years of this project
Compulsory Modules
Module 1 Presentation and Teamwork
Module 2 Project planning and LCA
Module 3 Environmental Measurement
Module 4 Risk Perception
Module 5 Sociology and the Environment
Module 6 Hands on Environmental Audit
Module 7 Clean Technology and Sustainabitity
Module 8 Risk Communication
Module 9 Environmental Law.
Module 10 Advanced Leadership.
Electives
UMIST Tubulence Modelling for CFD - Introductory.
55
Ro
ss
 
J 
Ca
nt
 
En
gD
 
Pa
ge
 
1
Appendix 3 Project plan for remaining two years of project
o
o
o
CDML
CD
O
1 CD' 5?I ^  
I co
o
CO
oin
coo
CT)
O  -  I T T
ID5?
CT)O
I CD
I- O
CD
• 5 |S : tj cn 
’’T
3
Q
cr
cr
cr
2
LU
CL
CO
LU
Q.
CO
<
Q <D
E
CD
tr
o
CL<1)
LU
CL
CO
LU
CL
CO
O
Q
O
Q
QJ
E
LU
O
LUo j co
LUQ
CO
t r
o
Q
CO
LUQ
CO
56
SP
E 
- 
Si
ng
le 
pla
ne
 
ex
pe
rim
en
t 
ICE
 
- 
Is
ot
ro
pi
c 
ca
no
py
 
ex
pe
rim
en
t 
SD
E 
- 
Sp
ra
y 
de
po
si
tio
n 
ex
pe
rim
en
t
57
Ross J.Cant
18 month report 
12/4/96
Process Engineering Division
Silsoe Research Institute
Wrest Park
Silsoe
Bedord
MK45 4HS
CONTENTS
Abstract 2
1. Summary of objectives from twelve month report 2
1.1 Experimental 2
1.2 Literature survey 2
1.3 CFD work 2
1.4 Development of thesis 2
2. Summary of progress towards objectives 3
2.1 Experimental 3
2.2 Literature survey 3
2.3 CFD work 3
2.4 Development of thesis 3
3. Artificial Crop Canopy Experiment 4
3.1 Overview 4
3.1.1 Static air jet penetrating the ACC 4
3.1.2 Moving air jet penetrating the ACC 4
3.1.3 Moving free air j et 4
3.2 Analysis 4
3.3 Theory 5
3.3.1 Stationary free j ets 5
3.3.2 Free jets in cross flows 5
3.3.3 Jet flow through canopies 5
Diagrams for section 3
Figure 1 Arrangement of fan and anemometer for 6
static canopy jet experiment 
Figure 2 Arrangement of fan and anemometer for 7
dynamic canopy jet experiment 
Figure 3 The stationary free jet 8
4. Future experimental work 9
4 .1 Canopy interface experiment 9
4.1.1 Hypothesis 9
4.1.2 Apparatus and instrumentation 10
4.1.3 Methodology 10
4.2 Plume height experiment 10
4.2.1 Hypothesis 10
4.2.2 Apparatus and instrumentation 10
4.2.3 Methodology 11
5. Information gathering on practicalities of pest control in orchards 12
6 . Project Plan 13
6 .1 Objectives to be met by October 1996 13
6.1.1 Experimental 13
6.1.2 Literature review 13
6 .1.3 Information gathering on pest control practises in 13 
orchards
6.1.4 Modules and reports 13
7. References 14
1
ABSTRACT
This report outlines the work carried out during the period September 1995 - April 
1996. A summary of the objectives set out in the twelve month report is given, 
together with the progress which has been made towards these objectives. The work 
which is planned for the six month period up to October 1996 is described.
1. SUMMARY OF OBJECTIVES FROM TWELVE MONTH REPORT
Several specific objectives were identified in the twelve month report (Cant, 1995). These are:
1.1 Experimental
Measurements will be made at nine more positions within the ACC (artificial crop canopy) for the 
four fan traverse speeds. In addition to this measurements will be made to determine the form of 
the moving fan jet, in the absence of any obstruction. How well the flow remains two dimensional 
will also be investigated. Future experimental work will be planned once the future direction of 
the project has been finalised.
1.2 Literature Survey
This will continue to investigate all areas important to the project. Several key areas which relate 
to the experimental work will require particular attention. These are: the drag coefficient of flat 
bodies at varying angles of incidence, the behaviour of turbulent jets in cross flows and the 
behaviour of droplets in flows with relation to the mean density of the flow.
1.3 CFD work
Some CFD work to support the experimental work may be possible towards the end of the six 
month period. This will depend on the planning of how the project is going to develop and will 
be designed to fit in with this plan.
1.4 Development of thesis
The specific area which is going to be central to the project should be decided within the next six 
months.
2
2. SUMMARY OF PROGRESS TOWARDS OBJECTIVES
2.1 Experimental
The measurements for the moving air jet within the artificial crop canopy have been completed 
and measurements made for the moving air jet in the absence of any blockage (see section 3).
2.2 Literature Survey
Papers have been obtained on the behaviour of jets in cross flows (summarised in section 3.3.2) 
and on the drag coefficients of flat plates. Information on the behaviour of jets containing droplets 
is still to be obtained
2.3 CFD work
An assignment (set by Prof. I Castro) on the Turbulence Modelling for CFD course at UMIST 
was completed and submitted to the portfolio (Cant, 1996(1)). This covered the different 
approaches used in simulating turbulent flows, some details of statistical modelling of turbulent 
flows, and techniques that can be adopted to make this method suitable for simulating flows 
within crop canopies.
2.4 Development of Thesis
Two possible experiments have been identified which will attempt to link the behaviour of the jet 
at the crop interface to the movement of the jet around the crop canopy (see section 4). In 
addition consideration is being given to how information can be obtained on the practicalities of 
pest control in orchards (see section 5).
3
3. ARTIFICIAL CROP CANOPY EXPERIMENT
3.1 Overview
The artificial crop canopy (ACC) experiment can be broken down into three parts as described 
below. These measurements have now been completed and partially analysed. The complete 
set of results will be collated to form a Silsoe Research Institute divisional report (Cant 
1996(2).) In addition comparisons will be made with the existing theory on the behaviour of air- 
assisted sprayer air jets and with results obtained in previous studies on different canopy 
geometries (Weiner 1993.)
3.1.1 Static air jet penetrating the ACC
(completed in period 6-1 2  months)
Measurements of the air velocity within the canopy were made, at three distances from the fan 
outlet, with the fan held stationary adjacent to the canopy. At each distance from the outlet the 
velocity was logged at 25 mm intervals across the jet. This procedure was repeated for five 
positions of the fan, 25 mm apart in the y direction, relative to the canopy (figure 1).
3.1.2 Moving air jet penetrating the ACC
(started in period 6 -1 2  months, completed in period 12-18 months)
Measurements of the air velocity within the canopy were made at four traverse speeds (0.3,
0.5, 1.0 and 2.0 ms'1). Flow profiles were taken at five positions, 25 mm apart in the y 
direction, and at three distances from the fan outlet (figure 2). Ten realisations of the flow 
produced as the fan passed were logged at each measurement point in order to allow an 
ensemble average to be produced for that point.
3.1.3 Moving air jet
(completed in period 12-18 months)
Realisations were taken of the jet produced in the absence of any obstruction at distances from 
the fan, and at fan traverse speeds, identical to those used in the canopy experiments. In 
addition realisations were taken at 50 mm intervals between 0.13 m and 0.57 m from the fan 
outlet for the 0.3 ms' 1 traverse speed.
3.2 Analysis
The analysis of these results will be carried out in stages which will allow comparisons to be 
made between the free jet and the jet within the canopy and also between the stationary and 
the moving jet. The static canopy jet measurements allow a prediction to be made for the flow 
which would be experienced within the canopy during a fan traverse, assuming there are no 
effects due to the fan traverse feed. The analysis of the free jet results will be based on the 
classical theory of free jets which is outlined below.
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3.3 Theory
There exists a large body of work on the behaviour of plane jets in stagnant surroundings (the 
stationary free jet) and also for the behaviour of jets in cross flows.
3.3.1 Stationary free jets
If the velocity profiles at a number of cross sections of a stationary free jet are non 
dimensionalised, using the peak velocity and distance to half the peak velocity at each section, 
then profile similarity is apparent (Abramovich, 1963). Also, as the pressure within the jet is 
constant, and equal to the pressure of the surroundings, the momentum flux across any cross 
section of the jet is constant. Using these results and employing dimensional analysis it is 
possible to show (Abramovich, 1963; Rajaratnam, 1976) that the growth of a plane jet is linear 
from the jet pole and that the velocity along the axis of the jet varies with 1/ / xp (where the jet 
pole is defined as the point at which the jet would originate if it were produced by a line source 
and Xp is the distance to the jet pole). In addition air is entrained into the jet as it grows such 
that the air volume flow within the jet varies with / xp (figure 3).
3.3.2 Free jets in cross flows
If a jet enters a stream of fluid moving perpendicular to the jet the momentum of the jet in the 
direction of injection is preserved. However, the axis of the jet (defined as the locus of points 
of maximum velocity) is deflected in the direction of the cross flow, due to the pressure 
difference between the front and rear faces of the jet. The entrainment of air into the jet is also 
affected, the entrainment being greater on the boundary facing the flow than on the boundary 
sheltered by the jet.
3.3.3 Jet flow through canopies
For a jet flowing through a crop canopy momentum is lost due to the drag of the canopy 
elements. It has been shown (Walklate, Weiner and Parkin, 1996) that the momentum flux 
through a crop canopy follows an exponential decay. The jet volume flow is also affected by 
several factors. The entrainment of air into the jet will be altered due to the drag of the 
elements. Also the canopy will tend to redistribute the flow so that it follows the line of least 
resistance. In addition to this the flow properties within the canopy will be a function of 
position in the y-direction which is periodic (with the current arrangement of the blockage.)
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Figure 3 The stationary free jet
4. FUTURE EXPERIMENTAL WORK
The grand objective of this project is to establish a relationship between the amount of spray 
which is lost into the atmosphere and the configuration of the air jet and canopy. In order to 
do this it is helpful to break the problem down into smaller questions which will be easier to 
address. This can be done by proposing the following hypotheses which create a chain to link 
the amount of spray material lost to the atmosphere to the configuration of the air jet and 
canopy:
1. The amount of spray material lost into the atmosphere is linked to the amount of mixing 
which occurs between the dissipated sprayer air jet and the atmospheric boundary layer (ABL).
2. The amount of mixing between the dissipated sprayer air jet and the ABL is related to the 
dissipation energy of the jet and the time scale L/Vs, where L is a characteristic length scale 
of the disturbance and Vs is the sprayer speed.
3. The value of L is related to the behaviour of the jet at the canopy interface.
4. The behaviour of the sprayer air jet at the canopy interface is related to the configuration 
of the air jet and canopy.
It is appreciated that this approach considers the behaviour of the air flow alone and neglects 
the transport of droplets within these flows. It is felt that this approach is justified as 
understanding of this process will be valuable in the development of alternative outlet designs 
for air-assisted sprayers. Thought will be given to methods for modelling the concentration 
profile of spray material above the canopy and how this model may be tested (whether by 
experiment or use of existing data.)
The work of Walklate, Richardson and Cross (1996), which measured the drift from an 
orchard sprayer operating at different forward speeds and air volume flow rates for the same 
application rate, backed up points one and two above. Experiments are planned which will 
investigate points three and four and will try to establish what these relationships are. More 
detail of these experiments is given below.
4.1 Canopy Interface Experiment
4.1.1 Hypothesis
The behaviour of the jet produced by an air assisted sprayer can be treated as having several 
separate regions. In the region from the jet outlet to the crop the jet behaves as a classical free 
jet and the behaviour outlined in section 3.3.2 is roughly observed. In the region within the 
canopy the momentum of the jet is absorbed by the canopy elements and has been shown to 
follow an exponential decay (Walklate, Weiner and Parkin 1996). Between these two regions 
is the interface where there is a transition from conservation of momentum to exponential 
decay of jet momentum. It is believed that the nature of this interface will be dependant upon 
the characteristics of the crop and jet.
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4.1.2 Apparatus and Instrumentation
The proposed rig will use the same fan as in the previous experiment together with another of 
the same design. The use of two fans will make it possible to study the behaviour of the 
interface for a range of jet configurations.
In order to study the interface it will be necessary to make measurements close to the canopy 
elements. As a result the 3D ultrasonic anemometer used in the previous experiment will be 
unsuitable due to its size. Alternative instruments are available which include a one 
dimensional laser doppler anemometer.
An artificial crop canopy will be used again but the arrangement of the canopy elements will 
be different. It is proposed that the blockage elements will be prismatic, rather than flat, and 
arranged to be horizontally isotropic to ensure that the drag within the canopy is similar in both 
directions. The top and bottom of the canopy will be enclosed in order to maintain a two 
dimensional flow.
4.1.3 Methodology
The air flow will be measured in all three regions described above, for a range of jet and 
canopy configurations, to determine what effect these have on the interface and in particular, 
how the flow redistribution and the momentum losses across the interface are affected.
4.2 Disturbance length scale experiment
4.2.1 Hypothesis
It is thought that the behaviour of the jet at the canopy interface could be a crucial factor in 
determining the volume of air which penetrates the canopy and the volume of air which is 
forced around the canopy. To demonstrate this it is worth considering the extremes of one 
factor affecting the nature of the interface, the crop area density. For a crop with zero area 
density there will be no interface while a crop with infinite area density will act as a wall and 
the resultant flow will be that of an impinging jet with all the air being turned normal to the 
original direction of motion (Rajaratnam, 1976). For an air sprayer jet this will mean that the 
air is diverted so that it either flows along, or over, the row formed by the canopy creating a 
disturbance to the atmospheric boundary layer.
4.2.2 Apparatus and Instrumentation
An initial attempt will be made to measure the variation in the length scale of disturbance 
produced by different jet and canopy configurations using the same rig as for the canopy 
interface experiment. This will require additional instrumentation to detect the flow around the 
canopy. Flow visualisation will be used to establish the area of interest before a decision is 
made on an instrument to provide quantitative results.
1 0
A definition for the height which the jet reaches will be formulated in the light of information 
obtained from the flow visualisation experiment. One possible definition would be the height 
above which a certain component of the velocity falls below an arbitrary percentage of the 
velocity at the jet outlet or within the canopy. This height will then be established for a range 
of jet and canopy configurations as used in the canopy interface experiment.
4.2.3 Methodology
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5. INFORMATION GATHERING ON PEST CONTROL PRACTISES IN ORCHARDS
One of the aims of the project, as stated in the 12 month report (Cant, 1995) was to "...reduce 
the quantity of active ingredient required to produce effective control." This requires 
identification of changes that could be made to spraying practices, and then gaining acceptance 
of these changes by sprayer operators.
The experimental program is focussed on the first of these requirements and will hopefully 
provide a range of actions which could be taken to improve the environmental performance 
of orchard sprayers. Identifying which of these actions is likely to be practical, which will be 
easiest to implement, and how easy they will be to implement requires knowledge of the 
practicalities of pest control in orchards.
Questions which could be asked in the information gathering process include:
1. What is the range of crop structures within orchards?
2. What machinery is in use and how old is it?
3. How frequently are sprayers calibrated?
4. What procedure is used in calibration?
5. How frequently is pesticide application made?
6 . What factors are taken into account in deciding the frequency of application?
7. What are the sources of information on pest control?
8 . Which sources of information are most trusted?
At present the different methods for gathering this information are being considered with an 
emphasis on how efficient, and accurate, each method is likely to be. As this is a sociological, 
rather than engineering, problem the advice of Kate Burningham (of the Centre for 
Environmental Strategy, University of Surrey) has been sought and a book on sociological 
Research obtained, on her advice (Gilbert, 1993). A proposal for the study will now be drafted 
and Kate Burningham has agreed to give further advice once this is complete.
1 2
6. PROJECT PLAN
The objectives outlined below have been identified for the coming six month period.
6.1 Objectives to be met by October 1996
6.1.1 Experimental
The laser doppler anemometer system (Dantec Measurement Technology A/S, Tonsbakken, 
Denmark) will be commissioned. Measurements will be made in simple flows to ensure confidence 
in the operation of this system.
The design of the new rig for use in the canopy interface experiments will be finalised (see section 
4.1) and submitted for construction. Initial experiments will be carried out on this rig once the 
construction is completed.
6.1.2 Literature Review
Papers are on order covering several subjects: impinging air jets, jets in cross flows and broad 
aspects of pest control and the environment. In addition the behaviour of jets containing liquid 
droplets is still to be investigated.
6.1.3 Information Gathering on Pest Control Practises in Orchards
A proposal will be prepared on the best way to obtain information on pest control practises within 
orchards (see section 5). General information, on which the proposal can be based, will be sought 
from people working in this field.
6.1.4 Modules and Reports
Presently there are two assignments outstanding for compulsory modules attended earlier this year:
1. Risk communication (due by 1 May).
2. Environmental Law (due by 7 June).
Three more modules will be attended during the coming six month period:
1. Finance and Marketing (15-19 April).
2. Flow and Dispersion in the Environment (10-14 June).
. 3. Sociology II (24-28 June).
In addition the advanced leadership module is provisionally planned for the week commencing 
26 August.
The experimental data from the ACC experiment (see section 3) will be collated into a Silsoe 
Research Institute divisional report.
The end of year two report, which comprises a dissertation of no more than 10,000 words, will 
be prepared.
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1
ABSTRACT
This report outlines the work carried out during the period April - September 1995.
A summary of the objectives set out in the six month report is given, together with 
the progress which has been made towards these objectives. Reference is made to the 
paper presented at the EngD conference, 1995. The long term objective of the project 
has been stated, and how the work carried out in the first year fits in with this, is 
discussed. Finally a project plan is given, together with a statement of the goals to 
be met by April 1996.
1. SUMMARY OF OBJECTIVES FROM SIX MONTH REPORT
Several specific objectives were identified in the six month report. These are :
1.1 Experimental
Investigating the channelling of the flow produced by a stationary fan further into the artificial 
crop canopy (ACC) to determine if the flow field produced had a similar nature to that obtained 
in CFD predictions outlined in the six month report. Further experimental work was also planned 
to test the analytical model described in the six month report. On completion of this work an 
experiment to investigate the external flows created around the canopy was to be planned.
1.2 Literature Survey
The following were identified as areas requiring particular attention; the types of machinery in 
use for spraying fruit crops, a comparison of the volume of chemical required compared with 
what is used and the legislation which governs spray operators. In addition to this a general 
review of the literature would continue.
1.3 CFD work
It was felt that there was a strong possibility that CFD would be a prominent part of the project 
therefore gaining an understanding of the theory behind CFD was felt to be important. It was 
envisaged that some CFD simulations would be carried out towards the end of the year.
1.4 Contract Work
To gain a better understanding of the practicalities of spraying it was planned that there would 
be involvement in contract work which would include field trials this Summer.
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2. SUMMARY OF PROGRESS TOWARDS OBJECTIVES
2.1 Experimental
The flow channelling further into the canopy has been investigated and measurements have been 
made to investigate the effect of the traverse speed of the fan on the flow produced in the ACC. 
This was partially reported in a paper for the 1995 EngD conference (appendix 1). This work is 
still continuing and will be reported in full at a later date once the experiments are completed. 
This will include a discussion of the analytical model for flow through a crop canopy.
No work has been conducted to investigate the external flows around crop canopies. It is planned 
that the next series of experiments will focus on the interactions at the interface of the crop. It 
is believed that what happens in this region will define the proportion of air that will move 
around the crop compared to what moves through it.
2.2 Literature Survey
The machinery in use for orchard spraying was viewed at Fruit Focus 95, a one day event aimed 
at growers and attended by consultants and suppliers. MAFF guidelines, which form the basis 
of how sprayers should used, have been obtained. As yet no formal literature review has been 
produced.
2.3 CFD work
A course on turbulence modelling for CFD at UMIST was attended in June this year. A report 
on this will be written to fulfill the requirement of an elective module.
2.4 Contract work
There has been involvement with contracts involving field work conducted by Dr. P.J. 
Walklate. This has included making measurements of air flows from an air assisted boom 
sprayer within a winter wheat canopy at East Morley, Norfolk, and making air flow and drift 
measurements from an air-assisted orchard sprayer within an apple orchard at East Mailing, 
Kent.
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3. STATEMENT OF OVERALL PROJECT OBJECTIVE
3.1 Project aim and methodologies
The broad aim of this project is to develop the knowledge base of the interactions between air- 
assisted sprayers, crops and the atmosphere, with a view to reducing the quantity of active 
ingredient required to produce effective control.
Broadening the knowledge base will depend on investigation of what effect the sprayer’s and 
crop’s parameters have on the air flow field, the deposition on the canopy, the deposition on 
the ground and on the entrainment of spray material into the atmospheric boundary layer. The 
parameters which may vary for air-assisted sprayers include:
1 . Forward speed
2 . Jet velocity
3. Jet volume flowrate
4. Outlet geometry
5. Nozzle configuration
6 . Sprayer aerodynamics
In addition to this the target plants may have widely varying geometries. Investigating the 
effect of these varying parameters will assist in the development and testing of theories for the 
operation of air-assisted sprayers. It is envisaged that these investigations will involve both 
experimental measurement on sprayers, or models of sprayers, and computational fluid 
dynamics (CFD).
3.2 Contribution of work to date
The experimental work carried out in the first year has concentrated on investigating the air 
flows produced through a model plant canopy by a fan representing the sprayer. This has given 
insight to structural features of the flow and how this is affected by the forward speed of the 
fan (Appendix 1).
How this work fits in with the broad objective outlined above has not been considered fully 
and this is an area that requires further attention. Once the current experiment has been 
completed and reported (as detailed in section 4) there will be a period of reflection to ensure 
that full consideration is given to how the project is going to develop in order to meet the 
broad objectives.
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4. PROJECT PLAN
A gantt chart for the period November 1995 to April 1996 is shown in Appendix 2. In addition 
to this the objectives outlined below have been identified.
4.1 Objectives to be met by April 1996
4.1.1 Experimental
The current experiments will be completed before Christmas. This requires making 
measurements at nine more position within the ACC for the four fan traverse speeds. In addition 
to this measurements will be made to determine the form of the moving fan jet, in the absence 
of any obstruction. How well the flow remains two dimensional will also be investigated. Future 
experimental work will be planned once the future direction of the project has been finalised.
4.1.2 Literature Review
This will continue to investigate all areas important to the project. Several key areas which relate 
to the experimental work will require particular attention. These are; the drag coefficient of flat 
bodies at varying angles o f incidence, the behaviour of turbulent jets in cross flows and the 
behaviour of droplets in flows with relation to the mean density of the flow.
4.1.3 CFD work
Some CFD work to support the experimental work may be possible towards the end of the six 
month period. This will depend on the planning of how the project is going to develop and will 
be designed to fit in with this plan.
4.1.4 Development of thesis
The specific area which is going to be central to the project should be decided within the next six 
months.
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ABSTRACT
Air-assisted sprayers are commonly used in this country for the treatment of orchard crops 
with pesticides. These machines employ air jets to transport the pest control active 
ingredient onto the crop. In order to obtain optimum application rates and minimum spray 
drift, a fuller understanding of the air flows produced by these machines is required. A two 
dimensional, artificial crop canopy (ACC) has been used to study the effect, on the airflow, 
of the sprayer forward speed. The flow field within this ACC has been measured using an 
ultrasonic anemometer for varying conditions of fan position and fan traverse speed. 
Comparison of these different regimes has shown that there is a limit on the forward speed 
of the fan in retaining the structure of the flow produced by a stationary fan and that the 
bulk air flow through the canopy is reduced as the speed increases. This has implications 
for the calibration of the air flows from air-assisted sprayers which usually takes place with 
the sprayer stationary. The penetration produced in this case will be less than that achieved 
under operating conditions.
1 INTRODUCTION
1.1 Air-assisted Sprayers
Air assisted sprayers employ jets of air to aid transport of the spray active ingredient onto the 
target plant. These air jets can be produced by several types of fan; axial flow, cross flow or 
centrifugal; each of these have different characteristics regarding the velocities and flow rates 
that they produce. The limit to the output of these fans is normally the power available from the 
tractor to which the sprayer is connected. This type of sprayer is particularly popular for spraying 
of orchard crops where the dense nature of the plant canopies makes penetration throughout the 
canopy especially difficult.
1.2 Orchard Spraying Regimes
Spraying of orchards continues throughout the year(1), the most intensive period being when the 
trees are making active growth. The compounds applied to orchards by air-assisted sprayers are 
fungicides, organophosphorous insecticides and other insecticides. For example, the spraying 
program for powdery mildew takes place while the trees are making active growth. Treatment 
will take place at intervals from five to 14 days depending on the active ingredient being used. 
Control of insect pests can be combined with the mildew spray program by careful mixing of 
active ingredients. Treatment will continue after the period of active growth as required to control 
insect pests. During the winter petroleum or tar oils are applied to control dormant pests and 
disease.
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1.3 Environmental Damage
It is widely recognised that air-assisted orchard spraying is one of the most drift prone spraying 
processes(2). Due to the nature of the spray target it is necessary to direct the spray upwards and 
outwards from the sprayer towards the foliage and inevitably some spray is blown past the target 
into the atmosphere. Estimates of the amount of spray lost vary but are as high as 75% of the 
applied dose(3). The fate of the active ingredient lost to drift will depend on the local topography, 
wind conditions, humidity and droplet size. Spray landing on adjacent hedgerows or vegetation 
will be damaging to the population of non harmful and beneficial insects(4) while spray drift into 
residential areas is also cause for concern(5).
1.4 Sprayer Calibration
Air-assisted sprayers have more parameters requiring calibration than standard hydraulic sprayers. 
As well as ensuring that the correct dilution of spray is applied at the specified dose (by adjusting 
the flow rate of the spray and the forward speed o f the sprayer ), the velocity, flow rate and 
geometry o f the air must also be set, to give adequate coverage of the target without wasting 
excessive amounts of spray to the ground and into the air. The correct air flow is normally 
achieved by adjusting the fan speed and the position of air deflectors, which prevent the air from 
being directed over the plants or onto the ground. Recommendations for adjusting these 
parameters(6) state that the fan speed should be adjusted so that the, ‘air is capable of penetrating 
the tree canopy,’ the deflectors should be adjusted to, ‘avoid the spray reaching above the tree... 
and to avoid spray loss on trunk and ground.’ Normally this procedure will be carried out with 
the sprayer stationary within the crop. It is proposed that this method of setting the air flow may 
be inadequate as it neglects the air flow induced when the sprayer is moving along the row.
1.5 Hypothesis of Experiment
This work intends to investigate the first recommendation for the setting of the air flow, which 
is that the, ‘ air is capable of penetrating the tree canopy.’
It is proposed that the flow produced through a crop canopy will have much more structure and 
will be more capable of penetrating the canopy when the source producing the flow is held 
stationary compared with a moving source. To test this hypothesis a ‘simplified artificial crop 
canopy’ has been produced using wire mesh to which strips of blockage are added to produce a 
two dimensional canopy. This simplified canopy was chosen in order to produce a highly 
structured flow that would show clearly any effects of increasing source speed.
2 MATERIALS AND METHOD
2.1 Apparatus
To investigate the effect of sprayer forward speed a two dimensional artificial crop canopy (ACC) 
was constructed adjacent to a carriageway along which a fan travelled. The ACC was constructed 
from five sheets of steel mesh (50 mm by 50 mm grid spacing, wire diameter 0.3 mm) to which 
vertical strips of blockage (50 mm wide, 75 mm apart) were added. These layers were spaced 0.23 
m apart to enable placement of an anemometer between layers (figure 1) and the blockage 
alternated between layers so that a gap in one layer would be adjacent to a blockage strip in the 
next. A cross flow fan (Airwheel, Poole, Dorset model 1\133\600\4M806\LH) was used which
EngD Conference 1995 - Interactions of Air-assisted Sprayers and Orchard Crops.
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had an outlet width of 0.095 m and height of 0.6 m. The fan was adjusted so that the jet produced, 
with the fan held stationary, was normal to the ACC. This was achieved by turning the fan body 
through an angle of 14° relative to the ACC. As the fan traverse speed is increased the angle of 
the jet is likely to be deflected from the normal(7). The carriageway allowed the fan to be traversed 
past the ACC at a range of speeds from 0.2 - 2.2 ms'1.
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Figure 1 Artificial Crop Canopy and Carriageway.
A three dimensional, ultrasonic anemometer was used to measure air velocity (Gill Instruments 
Limited, Lymington, Hampshire) . This gave velocities in the three orthogonal directions at a 
sampling frequency of 21 Hz within a cylindrical sample volume of height 0.105 m and diameter
0.105 m.
2.2 Tests
Three separate test procedures were adopted. Measurements of the jet profile were made in the 
free stream (that is away from the ACC) with a stationary fan (static measurements). Static 
measurements were then taken within the ACC and finally measurements were taken as the fan 
traversed the ACC (dynamic measurements) at speeds (vf) of 0.3, 0.5, 1.0 and 2.0 ms'1.
For the static experiments the velocities were measured at 25 mm intervals (ys) across the jet 
profile and were repeated with the fan at five different locations (yf) relative to the blockage strips 
with 25 mm between locations (figure 2). For the dynamic experiments the sampling interval was 
constrained by the sampling frequency and the fan traverse speed, being 14.3, 23.8, 47.6 and 95.2 
mm for the respective traverse speeds. Dynamic measurements were to be made for the 
anemometer at five different positions within the ACC at 25 mm intervals. Only measurements 
at one position will be reported here. For the static experiments 384 samples were logged and 
averaged to give the velocities at each position while ten replicates were logged and averaged, 
for each traverse speed, in the dynamic experiments. In all instances measurements were made 
behind the first and second layers of blockage.
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Figure 2 Part Section of ACC showing Fan and Anemometer Positions.
3 RESULTS AND DISCUSSION
The result shown for the static experiments within the ACC shows the two extreme conditions 
for the flow. The jet has penetrated virtually undisturbed through the first layer (figure 4a). The 
peak U velocity is reduced compared with that in the free stream (figure 3) due to the back 
pressure created by the ACC. The V component of the velocity is typical of turbulent jet flows, 
being virtually zero within the jet with air being entrained into the jet at either side. Behind the 
second layer of blockage the profile exhibits two peaks of velocity (figure 4b), with the U and V 
components being of similar magnitude, as the flow has split into two streams diverging at 
approximately 45° to the original jet direction. This is the type of flow pattern expected when a 
jet impinges upon a bluff body. This shows the two extreme flow conditions which can exist 
within a canopy and obviously there exists an infinite number of conditions between these two 
extremes, with a fraction of the flow carrying on as the main jet and another fraction being split 
off to one side depending on the position of the fan relative to the blockage strips.
0 200 
Y,s (mm)
J  V
0 200 
Y.® (mm) 
- * - U  - * . V
Figure 3 Velocity Profile in Free Stream for Stationary Fan. yf = 0, (a) x = 175 mm 
(b) x = 405 mm.
1 0
(a) («*)
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Figure 4 Velocity Profile Within ACC for Stationary Fan. yf = 0, (a) x =175 mm 
(b) x = 405 mm.
In the case where the fan is traversing the ACC the flow pattern produced is going to be 
constantly switching between these two extremes. The static data has been rearranged in figure 
5 to show the flow which would be experienced at a point as the fan passes assuming that there 
are no effects due to the fans movement. It can be seen that there will be several peaks to the U 
component of the velocity as the fan passes. The first of these occurs as the flow splits around 
blockage strips prior to reaching the anemometer. The main peak occurs as the fan is directly in 
line with the anemometer with subsequent peaks being due to the flow splitting around blockage 
strips after the fan has passed the anemometer.
Figure 5 Predicted Velocity History for Dynamic Tests Assuming no Effect of Fan 
Movement. ys = 0, x = 175 mm.
The dynamic results (figure 6) show that at low speeds the flow experienced at a point within the 
canopy matches that predicted by the static experiments. As the speed increases however the 
structure o f the flow breaks down as the flow can no longer react to the switching from one 
extreme condition (jet flow) to the other (impinging flow). The main transition can be seen to 
occur between 0.5 and 1.0 ms'1. After this transition the flow experienced at a point within the 
canopy resembles that of a jet passing a point with no obstruction. The structure of this jet is 
broader and with a lower peak velocity than the jet produced by the stationary fan.
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Figure 6 Velocity History for Dynamic Tests. ys = 0, x = 175 mm. (a) vf = 0.3 ms' 1 
(b) vf = 0.5 ms' 1 (c) vf =1.0 ms' 1 (d) vf = 2.0 ms'1.
Table 1 shows that the bulk airflow through the canopy is reduced by 20% at the highest traverse 
speed compared to the lowest traverse speed. With the bulk flow calculated as the integral of the 
U velocity logged by the anemometer as the fan passes. This reduction will have a serious impact 
on the penetration of the active ingredient through the crop canopy at operating speed using 
current calibration techniques.
Fan traverse speed 
(ms-i)
Bulk air flow
(m3 s-i)
Difference from 0.3 ms' 1 
(%)
0.3 0.45
0.5 0.46 + 2
1.0 0.41 -9
2 .0 0.37 -18
Table 1 Reduction of Bulk Air Flow Through ACC at Increasing Fan Traverse Speed.
It was felt that the effect produced at the higher traverse speeds could be due to a reduction in the 
spatial sampling interval rather than a physical change in the flow. In order to investigate this the 
data produced by averaging the ten velocity histories of the 0.3 ms' 1 dynamic test was sampled 
at reduced frequency and varying phase shift. This gave a sampling interval similar to that in the
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2 ms' 1 dynamic test (100 mm compared with 95.2 mm).The velocity histories produced were then 
averaged by the method used for the dynamic tests. The result shows (figure 7) that although the 
peak velocity is reduced, as compared to the original data, the structure of the flow is still 
represented, with peaks and toughs in the same positions as for the original velocity history 
(figure 6 a). This confirms that there is a physical change taking place in the flow pattern as the 
traverse speed of the fan increases.
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Figure 7 Velocity History Produced by Reduced Sampling of 0.3 ms' 1 Dynamic Test. 
ys= 0, x = 175 mm, vf = 0.3 ms' 1 .
4 CONCLUSIONS
This work has shown that the current practise of calibrating the air flows produced by air 
assistance sprayers by setting the flow with the sprayer stationary may be misguided. It has been 
shown that the air flow undergoes a transition as the forward speed of the sprayer increases and 
the air flow can no longer react to the change in crop geometry relative to the air jet. This results 
in a single peak of velocity being experienced within the canopy as the sprayer passes and a 
reduction in the bulk flow through the canopy. This will have an effect on the penetration o f the 
spray through the canopy.
Further work will be necessary in order to produce recommendations for alternative methods of 
calibrating the air flows of air-assisted orchard sprayers.
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1. Introduction
Air-assistance sprayers are commonly used in this country for the treatment of orchard crops with 
pesticides. These machines employ axial flow fans to produce the air current required to transport 
the active ingredient onto the crop.
A recent review of the subject given by Hislop (1991) describes the development of this type of 
machinery over the last 50 years. This highlights the importance of matching the characteristics 
of the air jet to the plant morphology. In recent years orchard growing practices have changed 
away from large bush or standard trees to dwarf trees grown in 'hedgerows'. This has not been 
matched by a change in spraying practices and as a result machinery developed to treat tall trees 
is being used in hedgerow plantations resulting in excessive drift (Hislop, 1991; Walklate, 1991). 
In the study by Walklate (1991) it is estimated that at a point 20 m downwind of the sprayer a 
drift reduction of between 70% and 80% could be achieved by limiting the height of the spray 
plume produced by the sprayer.
There is a shared concern by regulatory bodies and conservationists that spray drift should be 
controlled. The Ministry of Agriculture, Fisheries and Food (MAFF) issues guidelines on 
meteorological conditions in which spraying can take place, while English Nature have published 
its own guidelines for buffer zones which should be adopted in order to protect sensitive sites. In 
a bio-assay carried out using young cabbage white caterpillars (Cooke, 1993) it was shown that 
a mean mortality greater than 50% would be produced up to 20 m downwind of an air-assisted 
sprayer when applying cypermethrin and would be greater than 10% up to 60 m downwind. Their 
recommendation was for a buffer zone of 50 m down-wind of orchard sprayers in order to protect 
terrestrial invertebrates.
Pressure from conservationists and increasing legislative controls should lead to a situation where 
rather than having to adopt costly buffer zones (reduced yields due to inadequate pest control in 
these zones and risk o f build up of disease or insect pressure) farmers will be keen to adopt 
improved spraying technology and practices which will lead to a reduction of drift. Modelling of 
the spraying process will be crucial in facilitating these changes.
The air jet produced by air-assistance sprayers has been described by turbulent jet theory (Brazee 
et al, 1981) and a treatment of this for the effect of wind on air sprayer jets is given by Fox et al, 
(1985). This wind could be considered as a combination of the sprayer movement and the 
atmospheric conditions. The behaviour of the air jet is further complicated by the crop canopy but 
can be considered as two separate mechanisms:
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(1) external flow involving air movement around rather than through the crop which is enhanced 
if the sprayer set-up is not matched to the crop characteristics.
(2) internal flow within the plant canopy involving interactions between the air jet and the 
individual plant elements.
It is the external flow which leads to entrainment o f spray in the lower atmospheric boundary 
layer, and as a result spray deposition on non-target organisms, while the internal flow governs 
how uniform the spray deposition will be throughout the canopy. In studies of atmospheric flows 
through plant canopies (Shaw and Seginer, 1985; Raupach and Shaw, 1981) it has been found 
that the relatively large scales o f atmospheric turbulence are rapidly broken down to smaller 
scales associated with the wakes produced by the individual plant elements. It can be envisaged 
that a similar effect will be produced in the forced air flow produced by an air assisted sprayer.
The work carried out to date has focused on the approach to modelling the internal flow given 
by Walklate, Weiner and Parkin (1995) and also testing of computational fluid dynamic (CFD) 
results suggesting that flows through crop canopies have a tendency to channel through gaps in 
the crop structure (Weiner, 1993). A two dimensional array has been used to validate elements 
of this theory.
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2. Background
In the analytical model outlined by Walklate, Weiner and Parkin (1995) the flow within a canopy 
can be expressed as
Ml
U (x j> V £ ,F „ (x )G niy) (1)
n=  0
where x is the initial direction o f the air jet normal to y, the direction of the moving air jet 
platform. U is a time mean and local volume average of the velocity in the x direction while U„ 
is the jet velocity at x=0. G„(y) defines the shape o f the flow profile normal to the flow direction, 
where n is a series subscript. This is o f less interest than the function Fn(x) when considering 
penetration through the crop in the original flow direction, which is given by
F = e -X b  (2)
where
b=aln2+a2+a^  (3)
This equation takes several effects into account. The initial jet width and subsequent turbulent 
diffusion are represented by a1? the sink effect of the crop structure is given by a-, and the effect 
of the sprayer speed is represented by a3> which can be formulated as
,2/7-ju\2°vt d
C ~ ~ T  <4>
where ov is the rms value of the velocity in the y direction, d is the jet width at x=0, As is the 
maximum jet width within the canopy, and 1OT is the turbulent shear stress length scale which is 
to be determined..
a2 = CA  (5)
Where cf is a loss coefficient and \  is the area density of the crop. That is the amount of one 
sided leaf area in a unit volume.
V  
(— )2
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where Vs is the velocity of the air jet platform. This model assumes that the following are constant 
throughout the canopy
CFD results presented in Weiner (1993) are shown in figure 2.1. The analysis was carried out 
using the Fluent CFD code. The inlet conditions were defined according to experimental results 
while at all other boundaries a normal outflow was imposed. In addition to this a line of symmetry 
was employed resulting in a simulation of one half of the flow. These results show that there is 
a high degree of flow channelling and the effects o f form drag within the canopy are reduced.
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Figure 2.1 CFD simulation of velocity vector field for 2-D air flow presented in 
Weiner (1993)
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3. Experimental Work
The aim of this work was to test the exponential decay given in the above model for a 2 
dimensional array and to test the flow channelling effect shown in the CFD results described 
above. The apparatus used for these experiments is shown in figure 3.1. The moving carriage 
allows the fan to be traversed past the array at a range of speeds from 0.2 - 2.0 ms’1. All data 
logging was carried out using a Gill ultrasonic anemometer (Gill 1992) logging calibrated 
velocities at 21 Hz or transit counts at 56 Hz (appendix A).
3.1 Decay Experiments
These experiments were carried out on an array 1.2 m long by 0.8 m high with mesh diameter 1.6 
mm and grid spacing 12.6 mm as shown in figure 3.2. The spacing between layers was identical 
(0.23 m). Measurements were made at three area densities corresponding to zero additional 
blockage being added to the mesh, 20% of the area covered with additional blockage and 40% 
of the area covered with additional blockage (figure 3.3).
A velocity time history was obtained as the fan traversed past the array with the ultrasonic 
anemometer in each of the four measurement positions for each o f the three area densities 
employed. Time histories were plotted (figure 3.4) enabling the maximum velocity from each 
traverse to be identified. The decay of the maximum velocity obtained at each measurement 
position through the canopy was then plotted for each area density and was found to follow an 
exponential decay as expected (figure 3.5).
The velocity time histories were found to exhibit a step when the fan passed the extremes of the 
canopy (figure 3.4). This was attributed to end effects and, as a result, a decision was taken to 
increase the length of the array. A new array was created which was 2.45 m long as shown in 
figure 3.1 which was initially set up with 40% blockage added. This new array differed from the 
previous one in that the mesh diameter was 3 mm and the grid spacing 50 mm. Two other 
problems were noted during these initial trials. Firstly the fan was mounted so that the body of the 
fan was normal to the row while the jet which the fan produced was actually at an angle to the fan 
body. Secondly the motor used to traverse the carriage along the gantry did not have accurate 
speed control at the low speeds which were being employed (0.5 ms’1).
To overcome the jet angle problem a hinge mechanism was manufactured to allow the fan to be 
angled relative to the gantry. Velocity measurements were made at varying angles of incidence 
and from this the angle of the jet relative to the fan body was calculated. This was found to be 14°. 
Further verification o f this was achieved by photography of streamers attached to the outlet of 
the fan (figure 3.6). The speed control at low speeds was improved by installing a 50% gear
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reduction on the carriage drive which enabled the motor to operate more efficiently.
The initial experiments were then repeated for the 40% blockage only. Measurements were made 
in 3 separate planes o f constant y and it was found that there was some variations in the results 
for the different positions. At each position 3 separate realisations of the velocity time history 
were taken. This highlighted the problem of flow channelling which is created within these 
canopies and the difficulty o f conducting dynamic experiments such as these. To be completely 
rigorous it would be necessary to take numerous realisations at each position to average out small 
scale turbulence and to repeat this for several planes to accommodate the flow channelling 
phenomenon. Future experiments are planned to complete the testing of the analytical model.
In order to investigate the occurrence of flow channelling within the canopy a series of static 
experiments were conducted.
3.2 Flow Channelling Experiments
These experiments were carried out statically with the fan being fixed in one position and the 
sonic anemometer being moved within the canopy. Time ensembles of 1024 samples at 56 Hz 
were taken at 25 mm intervals in the y-direction up to 0.4 m either side of the fan. This was 
repeated for the two planes midway between row 1&2 and rows 2&3.
It was realised that the geometry was not the same as that used in the CFD simulation but it was 
thought to be a suitable starting point for these experiments as the rig was already set up in that 
fashion. Figure 3.7 shows that the level o f flow channelling found within the canopy is less than 
that shown by the CFD simulation. This could be due to the difference in the air jet width to leaf 
gap ratio. In the CFD simulation this was 4.4 while in the experiments the ratio was 0.76. This 
has resulted in the air jet penetrating through the first blockage layer relatively undisturbed. At 
the second layer the jet has bifurcated into two separate streams. This was the limit of the 
measurements made but it is conceivable that at the third blockage layer bifurcation occurs again 
and the process is repeated until the flow stabilises into channels through the blockage gaps.
Future work is planned which will investigate the flow beyond the third layer of blockage. 
Following this the array will be altered to employ a similar geometry to that used in the CFD 
simulation.
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Flow visualisation showing the angle of the jet relative to the fan body.
x  (m )
Velocity vector field measured within 2-D crop for static experiments.
4. Future Work
Several areas o f work have been identified for the coming six months. These include further 
experimental work, a continuation of the literature survey carried out in the first six month period, 
developing a knowledge of CFD and involvement in contract work this Summer.
4.1 Experimental Work
As mentioned earlier in this report there is some work required to complete the experiments which 
were undertaken in the first six month period. The amount of flow channeling further into the 
canopy will be investigated together with further work to test the analytical model. Following this 
it is proposed that the focus of the work will shift to looking at the external flows created around 
the canopy with the aim of improving knowledge o f how spray is entrained into the lower 
atmospheric boundary layer.
4.2 Literature Survey
The work carried out in the first six months will be continued and some effort will be directed to 
investigating machinery in use for spraying fruit crops together with a comparison of the volume 
o f chemical required to produce adequate control relative to the volume of chemical which is 
actually used. The statutory requirements that spray operators must adhere to will also be 
investigated.
4.3 CFD Work
As the project involves aspects of CFD simulations the usefulness of gaining an understanding of 
these packages has been recognised. It is planned that some CFD simulations will be carried out 
at the University of Surrey later this year. As yet the particular problem to simulate has not been 
identified.
4.4 Contract Work
Various contracts being undertaken by Silsoe Research Institute will involve field trials this 
Summer some of which will be closely linked to this project. It is hoped that there will be some 
involvement in these.
1 3
5. Conclusion
This reports summarises the work carried out during the first six months of this engineering 
doctorate. Background to the area of work has been given detailing the reason for it being 
considered environmental technology. A description is given of the analytical model described in 
Walklate, Weiner and Parkin (1995) and experiments to verify elements of this model are 
described. The CFD simulation of flow channelling through crop canopies given by Weiner (1993) 
has also been investigated experimentally. The results obtained to date have shown that the flow 
does indeed split into separate channels although further work is needed to show the amount of 
flow channelling occurring further into the crop structure and its dependance on crop geometiy. 
Areas o f work for the next six month period have been identified, this incudes the further 
experimental work outlined above.
14
6. References
Brazee, R.D.; Fox, R.D.; Reichard, D.L.; Hall F.R. (1981) Turbulent jet theory applied to air 
sprayers. Transactions of the ASEA, 24, 266-272.
Cooke, A.S. (editor) (1993) The environmental effects of pesticide drift. English Nature, 
Peterburgh.
Fox, R.D.; Brazee, R.D.; Reichard, D.L. (1985) A model study of the effect of wind on air 
sprayer jets. Transactions o f the ASEA, 28, 83-88.
Gill (1992) Gill instruments 3 axis research ultrasonic anemometer product specification issue 4 .1. 
Gill Instruments Limited, Lymington, Hampshire.
Hislop, E.C. (1991) Air-assisted spraying: an introductory review. Air-assisted Spraying in Crop 
Protection, BCPC mono. No. 46.
Raupach, M.R.; Shaw, R.H. (1982) Averaging procedures for flow within vegetation canopies. 
Boundary Layer Meteorology 22, 79-90.
Shaw, R.H.; Seginer, I. (1985) The dissipation o f turbulence in plant canopies. Seventh 
symposium on turbulence and diffusion, American Meteorological Society, Boston, Mass., 200­
203.
Walklate, P.J. (1991) Pesticide drift from air-assisted sprayers - a numerical simulation study. Air- 
assisted Spraying in Crop Protection, BCPC mono. No. 46.
Walklate, P.J.; Weiner, K.L.; Parkin, C.S. (1995) Analysis and experimental measurements of a 
moving air-assisted sprayer with two-dimensional air-jets penetrating a uniform canopy structure. 
To be published in Journal o f Agricultural Engineering.
Weiner, K.L. (1993) Air jet behaviour in crop like structures. PhD thesis, Cranfield University, 
Silsoe College.
15
Appendix A
The operation of this instrument is described in Gill (1993). It calulates air velocity from 
ultrasonic firings across three pairs of transducers which are arranged non-orthogonally. One 
complete set of ultrasonic firings is produced every 6  ms. It offers 4 modes of operation giving 
output in different formats depending on the type o f processing employed on the raw ultrasonic 
time o f flight data.
mode 1 outputs UVW components o f velocity adjusted for the influence of the
instrument on the flow at a frequency of 21 Hz. The velocities are calculated 
as an average o f 8 separate sets of transducer firings.
mode 2  similar to mode 1 except the velocities are not adjusted for the influence o f the
instrument on the flow.
mode 3 outputs the transit times for the ultrasonic firings across each transducer at 21
Hz. Again as an average o f 8 separate sets o f firings.
mode 4 outputs the transit times for the ultrasonic firings across each transducer at 56
Hz. These are an average o f 3 separate sets of firings.
This processing is integral to the instrument so it is not possible to access the raw time o f flight 
data. In the past the anemometer has always been used in mode 1 but it was realised that in this 
application the level of averaging produced was unacceptable. In the time taken to obtain one 
sample the fan carriage has moved by 23.8 mm resulting in a spatial average over this distance. 
Adoption of mode 4 operation would reduce this problem and to that end a FORTRAN program 
was written to calculate UVW components of velocity, adjusted for the influence of the 
instrument on the flow, from the transit times output from mode 4. A flow diagram describing the 
operation o f this program is given in figure A.1 and a program listing is given on page 17. The 
mode 4 data used to test the program is shown on page 20. This was entered into the Quatro Pro 
spreadsheet package and the velocities, standard deviations and turbulence intensities were 
calculated. The results obtained from the program (page 22) agreed with those obtained in the 
spreadsheet.
A.1 Gill Ultrasonic Anemometer
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A.2 Program Listing
C PROGRAM TO GET MODE 4 FILE
C CALCULATE MEAN VELOCITIES ADJUSTED FOR FRAME 
EFFECTS,STANDARD DEVIATIONS 
AND TURBULENCE INTENSITIES
C H A R A C TE R S FELEIN1 ,FELEIN2,FILEOUT 
CHARACTER* 60 H1,H2,H3,H4 
CHARACTER*2 OPTION
INTEGER T (6),M(-2:360),D (-1:3 60), WUP(-1:360), WDO(-1:360)
REAL A(3),U(3),USQ(3),SUMU(3),SUMUSQ(3),UBAR(3),USTAN(3),UI(3) 
FILEIN2-0004RCAL.DAT'
FILEOUT='MODE4AV.DAT'
CON=2197094.4
CALL STARTUP (FILEOUT,OPTION)
OPEN(UNIT=2,FILE=FILEOUT,ACCESS-APPEND',STATUS-UNKNOWN') 
OPEN(UNIT=3 ,FDLE=FILEIN2, ST ATU S-OLD')
READ(3, *)(M(I),I=-2,360)
RE AD(3, *)(D(I),I=-1,360)
RE AD(3, *)(WUP(I),I=-1,360)
READ(3,*)(WDO(I),I=-1,360)
CLO SE(UNIT=3, ST ATU S-KEEP')
10 PRINT*,"
PRINT*,'Enter the MODE 4 file to be analysed or END to exit' 
READ(*,'(A)')FILEIN 1 
IF (FILEIN1 .EQ.'END') THEN 
GOTO 11 
ENDIF
OPEN(UNIT= 1 ,FILE=FILEIN 1, ST ATU S-OLD')
READ(1,'(A)') H1,H2,H3,H4 
WRITE(*,'(2X,A30)') H1,H2,H3,H4 
PRINT*,'THE DATA IS BEING PROCESSED’
DO 1 1=1,3 
SUMU(I)=0 
SUMUSQ(I)=0 
1 CONTINUE 
DO 2 N=0 ,10000
READ( 1, * ,END= 100) (T(J),J=1,6)
A( 1 )=(CON/T (1 ))-(CON/T (2))
A(2)=(CON/T (3 ))-(CON/T (4))
A(3)=(CON/T(5))-(CON/T(6))
U( 1 )=(2 * A( 1)-A(2)-A(3 ))/2.1213 
U(2)=(A(2)-A(3))/1.2247 
U(3)=(-A(l)-A(2)-A(3))/2.1213 
IF (OPTION.EQ.'l 1') THEN
CALL CALIBRATE(U,M,D,WUP,WDO)
ENDIF
DO 3 1=1,3
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USQ(I)=U(I)*U(I)
SUMU(I)=SUMU(I)+U(I)
SUMUSQ(I)=SUMU SQ(I)+USQ(I)
3 CONTINUE 
2 CONTINUE 
100 DO 4 1=1,3
UBAR(I)=SUMU(I)/N
USTAN(I)=SQRT((SUMUSQ(I)-(N*UBAR(I)*UBAR(I)))/(N-1))
UI(I)=U S T AN(I)/UB AR(I)
4 CONTINUE
200 FORMAT(1X,A30,9(1X,F7.3))
WRITE(2,200) H3,(UBAR(I),I=1,3),(USTAN(I),I=1,3),
+ (UI(I),I= 1,3)
CLO SE(UNIT= 1, ST ATU S='KEEP,)
GOTO 10
11 CLO SE(UNIT=2, ST ATU S—KEEP')
STOP
END
C
C SUBROUTINE TO CALIBRATE VELOCITIES FOR FRAMEWORK EFFECT 
C
SUBROUTINE CALIBRATE (U,M,D,WUP,WDO)
REAL U(3)
INTEGER M(-2:360),D (-1:360), WUP(-1:3 60), WDO(-1:360) 
IDIR=(57.296*ATAN(U(2)/U(l)))-30 
IF (IDIR.LT.0) THEN 
IDIR=360+EDIR 
ENDIF
U( 1 )-(U ( 1 )-(U(2) *D(EDIR)/65 536)) *M(IDIR)/65 53 6 
U(2)=(U(2)+(U( 1 )*D(IDIR)/655 3 6))*M(IDIR)/65 53 6 
IF (U(3).GT.O.OR.U(3).EQ.O) THEN 
U(3)=U(3)*WUP(IDIR)/65536 
ELSEIF (U(3).LT.0) THEN
U(3)=U(3)*WDO(IDIR)/65536
ENDIF
RETURN
END
C
C SUBROUTINE TO SELECT DATA FILES FOR PROCESSING 
C AND SELECT MODE OF OPERATION 
C
SUBROUTINE STARTUP (FILEOUT,OPTION)
C H A R A C TER S FILEOUT 
CHARACTERS OPTION 
10 PRINT*
PRINT*,'This program takes a mode 4 sonic anemometer data file'
PRINT*,'and calculates the mean velocities, standard deviations'
PRINT*,'and turbulence intensities'
PRINT*
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PRINT*,' 1 Select output file'
PRINT*
PRINT*,' currently=',fileout 
PRINT*
PRINT*,' 10 Run program to give uncalibrated velocities' 
PRINT*
PRINT*,' 11 Run program to give calibrated velocities'
PRINT*
PRINT*,Enter option number'
READ(*,'(A)')OPTION 
IF (OPTION.EQ T ) THEN 
PRINT*
PRINT*,'Enter the ouput file name in form **** ***> 
READ(*,'(A)')FILEOUT 
ELSEIF (OPTION.EQ TO’.OR.OPTION.EQTl') THEN 
GOTO 11 
ELSE 
GOTO 10 
ENDIF 
GOTO 10 
11 RETURN 
END
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A.3 Test Data
Mode = 4
Analog inputs = 1
Time 02:38:03 Date 02/07/95
12595 12621 12645 12639 12640 12577 1332
12601 12609 12648 12639 12638 12576 1332
12621 12596 12648 12636 12605 12618 1332
12602 12613 12642 12641 12636 12583 1332
12604 12612 12625 12655 12653 12563 1332
12583 12630 12630 12648 12633 12583 1332
12580 12626 12621 12651 12624 12594 1332
12560 12643 12625 12652 12609 12607 1332
12573 12623 12588 12682 12611 12599 1332
12592 12616 12609 12663 12639 12569 1332
12595 12616 12628 12646 12643 12576 1332
12612 12602 12618 12649 12629 12588 1328
12587 12622 12631 12634 12619 12601 1328
12597 12613 12612 12646 12624 12598 1328
12599 12607 12615 12656 12616 12600 1328
12605 12605 12641 12628 12622 12594 1332
12602 12606 12618 12663 12618 12603 1332
12595 12616 12621 12658 12621 12596 1332
12591 12616 12680 12594 12632 12599 1332
12536 12668 12624 12663 12628 12589 1332
12559 12650 12612 12666 12625 12585 1332
12557 12650 12627 12649 12624 12589 1332
12553 12647 12604 12665 12601 12601 1332
12566 12639 12628 12637 12637 12578 1332
12604 12602 12630 12650 12627 12585 1332
12610 12597 12633 12647 12637 12580 1332
12602 12605 12673 12598 12645 12579 1332
12602 12607 12652 12623 12652 12557 1332
12590 12617 12630 12655 12641 12575 1332
12592 12620 12630 12649 12627 12596 1332
12574 12636 12623 12653 12630 12593 1332
12550 12660 12646 12624 12614 12606 1332
12567 12627 12689 12583 12637 12561 1332
12560 12625 12668 12620 12631 12567 1332
12560 12635 12619 12662 12629 12593 1328
12568 12634 12630 12643 12663 12556 1328
12581
-257
12622 12618 12654 12641 12575 1328
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A.4 Spreadsheet Results
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A.5 Program Results
DATA FROM FORTRAN PROGRAM RAV.FOR
A1 A2 A3 U V W U2 V2 W 2
0.3594 -0 .0825 -0 .8707 0.7881 0 .6436 0 .2799 0 .6212 0.4142 0.0784
0.1106 -0 .12 3 7 -0.8571 0 .5666 0 .5988 0 .4102 0.3211 0.3586 0.1683
-0 .3455 -0 .165 0.1796 -0 .3326 -0 .28 1 3 0 .156 0 .1107 0.0791 0.0243
0.152 -0 .0137 -0 .7324 0.4951 0.5868 0.28 0.2451 0.3443 0.0784
0.1106 0.4125 -1 .244 0 .4962 1.3526 0.3398 0.2462 1.8295 0.1155
0.6498 0.2476 -0.6911 0 .8217 0.7664 -0 .09 7 2 0.6752 0.5874 0.0095
0.6363 0.4128 -0 .4146 0 .6007 0 .6756 -0 .2991 0 .3609 0.4564 0.0895
1.1484 0.3714 -0 .0276 0 .9207 0 .3258 -0 .7 0 3 4 0 .8476 0.1062 0.4948
0.6922 1.2937 -0 .1659 0.121 1.1918 -0 .8 5 7 9 0 .0146 1.4205 0.7361
0.3319 0.7431 -0.9681 0 .419 1 .3972 -0 .05 0 4 0.1756 1.9523 0.0025
0.2904 0 .2476 -0 .9258 0 .5935 0 .9 58 2 0 .1828 0.3522 0.9181 0.0334
-0 .1382 0.4267 -0 .5666 -0 .06 4 4 0.8111 0.1311 0.0041 0.6579 0.0172
0.484 0 .0413 -0 .2487 0.5541 0 .2 36 8 -0 .1 3 0 4 0 .307 0.0561 0.017
0 .2212 0 .4684 -0 .3592 0.1571 0 .6 75 7 -0 .15 5 8 0.0247 0.4566 0.0243
0.1107 0 .5642 -0.2211 -0 .05 7 4 0 .6 41 3 -0 .21 3 9 0.0033 0.4112 0.0458
0 -0 .1789 -0 .387 0 .2668 0 .1699 0 .2668 0.0712 0.0289 0.0712
0.0553 0 .6188 -0 .2072 -0 .1418 0 .6 74 5 -0.2201 0.0201 0 .4549 0.0484
0.2904 0 .5089 -0 .3455 0 .1968 0 .6 97 6 -0 .21 3 9 0.0387 0.4867 0.0457
0.3458 -1 .1832 -0 .4556 1 .0986 -0 .5941 0 .6095 1.2068 0.353 0.3715
-<.8262 0 .536 -0 .539 1 .7232 0 .8778 -0 .85 9 5 2 .9694 0.7705 0.7387
,.2585 0.7427 -0.5531 1.0971 1.0581 -0 .68 2 6 1.2037 1.1195 0.466
1.2863 0.3026 -0 .4839 1 .2982 0 .6422 -0.521 1 .6854 0.4124 0.2714
1.3009 0.8396 0 0 .8307 0 .6855 -1 .00 9 0.6901 0.47 1.0182
1.0099 0.1239 -0 .8155 1.2782 0.7671 -0 .15 1.6337 0.5884 0.0225
-0 .0277 0.275 -0 .5807 0.118 0 .6 98 7 0.1571 0.0139 0.4882 0.0247
-0 .1798 0.1925 -0 .7878 0.1111 0 .8004 0 .3654 0.0123 0.6407 0.1335
0.0415 -1.0321 -0 .9116 0 .9554 -0 .09 8 4 0 .8967 0 .9128 0.0097 0.8042
0.0691 -0 .399 -1 .3138 0 .8726 0 .747 0 .7748 0.7614 0.558 0.6003
0.3734 0.3437 -0 .9122 0.6201 1.0255 0 .092 0.3846 1.0516 0.0085
0.3871 0.2613 -0 .4282 0.4437 0.563 -0 .10 3 8 0.1969 0.317 0.0108
0.8573 0.4127 -0.5111 0 .8547 0 .7543 -0 .35 7 8 0.7306 0.569 0.128
1.5211 -0 .3028 -0 .1105 1.629 -0 .15 7 -0 .52 2 2 2.6536 0.0246 0.2727
0.8307 -1 .4586 -1 .0519 1 .9667 -0 .3321 0 .7919 3.8681 0.1103 0.6271
0.9006 -0 .6597 -0 .8858 1 .5777 0 .1 84 7 0 .304 2.4891 0.0341 0.0924
1.0384 0.5913 -0 .4973 0.9347 0.8889 -0 .53 3 8 0.8737 0.7901 0.2849
0.9132 0.1789 -1 .4786 1.4737 1.3534 0 .1822 2.1718 1.8316 0.0332
0.5673 0.4954 -0 .9122 0 .7313 1.1493 -0 .07 0 9 0.5349 1.321 0.005
S U M S 26.016 23 .13 7 -1 .5 3 2  29 .432  22 .478 8 .014
M EAN S 0.703 0 .625 -0.041
S T A N D A R D  D E V IA T IO N S 0.556 0 .472 0 .47
T U R B U L E N C E  IN T E N S IT IE S 0.791 0 .754 -1 1 .3 4 7
2 2
Figure A. 1
start
end
Flow diagram describing operation o f program to convert mode 4 
ultrasonic transit times to calibrated UVW velocities
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Plane Jets Impinging on Porous Screens
1. INTRODUCTION
In the context of agricultural crop protection, air assisted sprayers use air jets to enhance the 
transport of spray droplets from hydraulic nozzles onto and into the plant canopy requiring 
treatment. As part of an ongoing study into methods of reducing spray drift from these sprayers, 
the behaviour of the air jet at the interface with the plant canopy has been investigated. Regular 
screens have been used to represent the obstruction created by the plant canopy and a large aspect 
ratio plane jet used to represent the air jet produced by the sprayer. To simplify matters the 
behaviour of the spray droplets has been neglected in this study.
We are unaware of any previous studies of the behaviour of turbulent jets impinging on porous 
screens. There is considerable data on the behaviour of uniform flows past screens and porous 
plates, particularly with application to the control of velocity profiles in wind tunnels. However, 
the boundary conditions for a jet impinging on a screen are significantly different from those for 
a uniform flow past a screen. In the latter case, with the flow confined in a closed channel, there 
is a condition of mass continuity either side of the screen, and the screen drag appears as a 
pressure drop between positions upstream and downstream. For a (small) free jet directed at a 
(large) screen there is, in contrast, a condition of constant pressure, equal to atmospheric, 
upstream and downstream of the screen and it is possible for the jet to be deflected at the screen 
so that mass flux is transferred from the axial direction to the transverse direction, resulting in jets 
of air being formed travelling along the face of the screen. In this case the screen drag appears as 
a change in momentum between positions upstream and downstream.
Although the behaviour of jets impinging on screens is not well understood the arrangements 
representing the limiting cases of the problem have received considerable attention. As the porosity 
of the screen is increased, the problem reduces to that of a free plane turbulent jet. As an example 
of a “classical" self preserving flow it has been of fundamental interest and has thus been 
investigated extensively in the past. The momentum flux of a free jet, in the axial direction, is 
preserved, as the jet is expanding under zero pressure gradient. Air is entrained at the edges of the 
jet, resulting in an increase in volume flux of the jet in the axial direction, with distance 
downstream.
At the opposite extreme, with a screen of zero porosity, the problem becomes that of a plane jet 
impinging on a solid wall. Beltaos and Rajaratnam111 examined this configuration and found that, 
in general, the jet properties were unaffected up to 70% of the distance from the outlet to the wall. 
Beyond this there was a transition region, out of which wall jets emerged parallel to the wall. This 
behaviour was verified by Gutmark et al121 who also showed that the turbulence properties were 
unaffected even closer to the screen (up to 85% of the distance from the outlet to the screen).
To examine the behaviour between these two extremes, mean and fluctuating velocity profiles of 
a plane jet with initial aspect ratio of 100:1 have been measured, upstream and downstream of a 
screen and using a single component LDA system, for four screen porosities ranging from 0.4 to 
0.65. The same screens have also been used in a flow visualisation study of a jet produced from 
a 6:1 aspect ratio rectangular outlet.
2. EXPERIMENTAL METHOD
A contraction fitted to an open section wind tunnel was used to produce a jet through an outlet 
600 mm long by 6 mm wide. This jet was orientated so as to exhaust horizontally into the 
laboratory, with its long axis parallel with the floor. Side walls were fitted downstream of the 
outlet to confine spreading of the jet to the transverse direction only. The front wall was of 6 mm 
thick perspex to allow the beams of a LDA system to be focussed on the points to be measured. 
The screens, constructed from punched sheets of 0.9 mm thick mild steel, were located at a 
position#, 500 mm from the jet outlet. Holes were punched in a 60° pattern and at hole spacings 
and diameters to give porosities of 0.4, 0.5, 0.57 and 0.65. The hole diameters varied from 6.4 mm 
for the 0.4 porosity screen to 12.7 mm for the 0.65 porosity screen.
Jet velocities were measured using a single component Laser Doppler Anemometer (LDA) system 
(Dantec Flowlite/FVA) operating in back scatter mode and carrying out auto covariance 
processing on individual Doppler bursts to give a record of velocity with time. The probe had a 
beam separation of 38 mm and a focal length of 500 mm giving a measurement volume of 0.24 
mm by 0.24 mm by 6.31 mm with the long axis being in the spanwise direction. The LDA probe 
was positioned outside the side walls of the rig to avoid disturbance to the jet and the beams were 
focussed on the central spanwise section of the jet. At each measurement point 1000 samples were 
recorded with a sampling period of at least 50 seconds and the data was post processed using 
Dantec’s Floware software to give mean and rms velocities. For each individual screen, transverse 
profiles were measured at 6 positions upstream of the screen and up to 4 positions downstream 
of the screen, depending on how diffuse the jet became downstream of the screen. In addition, 
traverses were made along the streamwise direction at three distances from the jet centre line for 
the 0.4 and 0.5 porosity screens, with the probe rotated through 90° to allow direct measurement 
of the V component of velocity.
For the flow visualisation study the jet was produced by two cross flow fans with their outlets 
ducted through a 2 0 0  mm long, 600 mm high and 100 mm wide channel, with the long axis 
orientated vertically. Again the jet was confined within side walls to confine spreading of the jet 
to the transverse direction only and the screens were located 500 mm from the jet outlet. Smoke 
wands were placed on the centre plane of the jet at points defined by a 100  mm resolution grid 
with origin at the centre of the jet outlet. The flow was monitored on a video camera from above 
and the mean path of the smoke was obtained by averaging “by eye”.
3. SUMMARY OF RESULTS
The volumetric and momentum flux ratios, for all the jet cases, were calculated by numerical 
integration of the [/-component velocity profiles across the jet using the trapezoidal rule for the 
integrals:
where Q/Q0 is the ratio of the volume flux to the outlet volume flux, M/MCJ is the ratio of the 
momentum flux to the outlet momentum flux, Ua and ba are the outlet velocity and width 
respectively, and U is the velocity in the x-direction at position^ across the jet profile.
Positions y a and_y„ correspond to the points on the profile, either side of the centre line, where 
the {/-component of velocity becomes immeasurably small.
The momentum flux, normalised by the flux at x/H ~  0.3, is shown in figure 1. The momentum flux 
o f the free jet is found to be decaying slightly with downstream position, as opposed to the 
preservation condition implied by the theory. This finding is consistent with previous studies of 
jets and is probably explained by external secondary flows induced by the jet, and ignored in the 
profile integration required to determine the momentum flux[3]. The jets produced in the presence 
of screens are found to have similar behaviour to the free jet over 70% of the distance from the 
outlet to the screen for all porosities, as has previously been shown to be the case for jets 
impinging on solid walls11,21. The screen drag results in a sharp loss of momentum across the 
screen, with the momentum flux downstream of the screen, as expected, being a function of the 
screen porosity.
X/H
Figure 1 Change in momentum flux with downstream position for varying screen 
porosities.
Figure 2 shows that, for the low porosity screens (0.4 and 0.5), the streamwise volume flux is 
significantly reduced by the interaction with the screen, suggesting that a large portion of the jet 
volume flux has been lost through the formation of wall jets at the screen. This formation of wall 
jets is confirmed by figure 3, showing the streamwise profiles of the F-component of velocity for
the 0.4 porosity screen and by figure 4d, which shows the flow direction for this screen. Upstream 
and downstream of the screen a flow is formed with a structure similar to that of a wall jet and this 
results in air being entrained in the opposite direction to the original jet flow.
X/H
Figure 2 Change in jet volumetric flux with downstream position for varying screen 
porosities.
X/H
Figure 3 F-component of velocity for porosity = 0.4 screen, at three stream-wise 
cross-section.
The more porous screens have the majority of the flow passing through the screen (fig 2) making 
it uninstructive to make F-component measurements in these cases. It does appear, however, that 
although the jet penetrates through the high porosity screens, entrainment of air into the jet is 
suppressed downstream of the screen. Further evidence of this reduced entrainment is supplied by 
figures 4a and 4b which show that although the flow outside the jet is directed into the jet, the jet 
width does not increase as the jet travels downstream. An increase in volume flux would 
necessitate an increase of width suggesting that there is little entrainment into the jet. .
In general the flow visualisations of figure 4 show the change in the flow pattern produced as the
porosity of the screen increases. The flow pattern alters from a jet with axially directed velocity 
(fig. 4a and 4b), through a flow spreading radially from the centre point of the screen (fig. 4c), to 
the formation of wall jets diverging from the centre line of the original jet, parallel to the screen 
(fig. 4d). The low porosity screen shown in figure 4d actually results in velocities in the opposite 
direction to the original jet, which would be consistent with a screen drag greater then for a solid 
wall. This is a rather curious result but it should be noted that the velocity magnitudes, which are 
not represented by the arrows, are all extremely low. The flow illustrated in figure 4c could be 
seen as an intermediate structure between the strong axial jet and the wall jet structures. It is 
interesting to note that upstream of the screen this results in a flow recirculation centred near x 
= 450, y = ±400 mm. This gives a particular problem in defining the extent of the jet for the flux 
integrations described in equations 1 and 2 .
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Figure 4 Flow visualisation of low aspect ratio jet impinging on screens positioned
500 mm from outlet. The arrow length does not relate to the magnitude of velocity. 
Screen porosity (a) 0.65 (b) 0.57 (c) 0.5 (d) 0.4
4. CONCLUSIONS
Jets impinging on low porosity screens exhibit a flow structure similar to jets impinging on a solid 
surface, with wall jets forming on the upstream and downstream sides of the screen. For more 
porous screens the entire jet penetrates through the screen, although it appears the entrainment 
of air into the jet is suppressed downstream of the screen. In terms of application to the behaviour 
of air jets produced by air assisted sprayers, the structure produced by the low porosity screens 
would be unwelcome, as it is likely that this would lead to failure of the spray droplets to penetrate 
the canopy. The structure obtained for the high porosity screens would be preferable for crop 
protection purposes, provided the flux through the canopy is tuned to optimise filtering of the 
spray droplets by the plant elements.
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Abstract
Air assisted sprayers are commonly used in this country for the treatment of orchard 
crops with pesticides. These machines employ fans to produce the air jets required to 
transport the active ingredient onto the crop. In order to obtain optimum application 
rates and minimum spray drift a fuller understanding of the air flows produced by 
these machines is required. A fundamental study of the interactions between air jets 
and porous screens has been carried out to act as a base line for comparison with the 
behaviour of air jets directed at artificial and real plant canopies. This study has 
involved flow visualisation and measurement with a Laser Doppler Anemometer of 
the velocity field of a two dimensional jet impinging on a variety of screens. The aim 
of these experiments is to characterise the behaviour of the jet in the region, outside 
the canopy, where it is affected by the screen and to determine how this behaviour can 
be controlled in order to optimise the penetration of the jet through the canopy.
Keywords: Jets, Screens, Air Assisted Orchard Sprayers 
1 Introduction
1.1 The need for better control of orchard sprayers
A number of factors are forcing fruit growers who use synthetic pesticides to ensure that their 
application equipment is well matched to the target plants. The current trend in legislation is 
towards a tightening of the regulations which govern the use of pesticides(1). A recent proposal 
by MAFF aimed to change the duty that “any person who uses a pesticide shall confine application 
to the land, crop, structure, material or other area to be treated," from a requirement in current 
codes of practise, to a statutory duty under the Control of Pesticide Regulations of the Food and 
Environment Protection Act 1985. As the legislation stands currently growers may be liable to 
fines of up to £ 2 0  0 0 0  on conviction in the magistrates court under this act.
The current economic climate is exerting further pressure on growers to seek the optimum effect 
from the pesticides which they apply. Figures for season 1993/94 showed that within the UK the 
average holding involved primarily in the production of top fruit was operating at a loss of £ 1 2  per
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£100 net output®. In order for growers to achieve the maximum return from their pest control 
program it is important that the maximum possible control is obtained from the pesticides which 
they apply to ensure that as little fruit as possible is lost to pests.
In addition to the economic and legislative pressures there is also growing public concern over the 
use of pesticides. The total number of incidents investigated by the Health and Safety Executive 
rose to 251 in 1994/95, an increase of 55 compared with the previous year®. Of these 251 
incidents, 167 were concerned with allegations of pesticide drift.
1.2 Environmental considerations
The legislation to control pesticides, and the concern shown by the public, stems from worries 
over the health effects and safety of pesticides, and the effect which they have on the environment. 
One of the issues relating to pesticides which is currently receiving attention is the occurrence of 
pesticides in surface and ground water®. This stems from European directives which sets 
standards for the amount of pesticide acceptable in water on grounds of public safety and 
environmental considerations (ground water, surface water for drinking, shellfish waters, and the 
aquatic environment in general are all covered by different directives). There is also concern over 
more general environmental impacts of pesticides, such as harm to non-target flora and fauna®. 
This is of particular concern to conservationists within sensitive areas such as Sites of Special 
Scientific Interest (SSSI) but is also apparent in the wider countryside, for example, when 
beneficial insects, such as bees, are effected by pesticide application.
1.3 Possible alternative pest control techniques
There are alternatives to prophylactic use of synthetic pesticides. For example, in the case of a 
common pest of apples, the coddling moth, corpocapsa pomonella, the alternatives range from 
timing pesticide applications to coincide with the development of the larvae®, to using synthetic 
sex pheromones to disrupt the mating of the adults. Adoption of these techniques relies on 
growers receiving the necessary training and on there being favourable cost/benefit ratios. In the 
case of pheromones it has been estimated that the price of materials would have to be reduced by 
30-73% to make this method competitive with conventional spray control®.
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1.4 Technology to help the environment
It is clear then that, accepting that the use of synthetic pesticides is set to continue, improvements 
in the technology used to apply pesticides will lead to environmental benefits. There is particular 
scope for improvement with orchard sprayers, which are renowned for being particularly prone 
to drift(8). It has been estimated that 8 m downwind of orchard sprayers the drift can be up to 50% 
of the applied dose(9).
The most common design of orchard sprayer incorporates an axial flow fan at the rear of the 
sprayer to create an air jet around an arc at 90° to the direction of the plant rows. This air jet 
transports droplets of spray (typical mean diameter » 200  pm) from hydraulic nozzles towards the 
target plant. These machines move large volumes of air (up to 20 m3s'1) with a resulting mass 
loading of liquid of around 0.1(10). Gaining a better understanding of how the air jets produced by 
orchard sprayers interact with plant canopies will allow alterations in the set up of these sprayers 
so that less spray is lost to the environment while effective control is maintained.
1.5 Interactions of jets with porous structures
The theory of turbulent jets(11) has been used widely as the basis of establishing the behaviour of 
air jets produced by air assisted orchard sprayers(12’13,14,15’16). These studies have, however, given 
only cursory, if any, treatment of the behaviour of the jet inside the plant canopy. More recently 
an analytical model for the behaviour of the jet inside a plant canopy has been developed(l7). This 
model reduces to the simple expression:
U(x,y) = U0F(x)G(y) (1)
where x is the axial distance through the canopy with the origin to be determined from the length 
or velocity scale of the jet inside the canopy, U is the velocity in the x direction inside the canopy, 
U0 is the velocity after the initial interaction at the canopy interface, and F(x) and G(y) are 
functions describing the axial and spanwise velocity distributions respectively.
To use this analytical model to determine the penetration of a jet through a plant canopy it is 
necessary to understand the behaviour of the jet at the interface with the plant canopy so that the 
value of U0 and the position of the x origin can be established. The work described in this paper 
is aimed at giving insight into the behaviour of the jet at the interface of the plant canopy.
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Reducing the problem to a simple level it can be thought of as the interaction between a two 
dimensional jet and an infinitesimally thin porous structure (i.e. a screen). This particular problem 
has not received attention in the past, although there is considerable data on the behaviour of 
uniform flows past screens and porous plates(I8). There are fundamental differences in the boundary 
conditions between these fwo flows. For a uniform flow there is a condition of constant velocity 
upstream and downstream due to mass continuity. For a jet directed at a screen the condition is 
one of constant pressure upstream and downstream and, in addition, it is possible for the jet to be 
deflected at the screen so that mass flux is transferred from the axial direction to the transverse 
direction resulting in jets of air being formed travelling along the screen.
This investigation has been split into a number of components. Firstly flow visualisation has been 
used to give an idea of the behaviour that can be expected. Secondly two alternative screen 
structures have been compared to determine how sensitive the flow is to the arrangement of screen 
elements. Finally a detailed investigation involving measurement of the mean and fluctuating 
velocities of a jet penetrating through a range of screens with similar structure but different 
blockage area ratios is being carried out.
2 Flow Visualisation 
2.1 Materials and method
2.1.1 air je t
The jet used in this experiment was created by two cross flow fans (Airwheel, Poole, Dorset, 
model 1/133/600/4M806/LH, outlet width 0.09 m, length 0.6 m) mounted with their outlets 
feeding into a single plenum chamber designed to produce a 600 mm long by 100  mm wide jet 
with an approximately “top hat" velocity profile, with outlet velocity of 11 ms'1. The jet was 
positioned so that it was travelling vertically towards the laboratory floor. The outlet being 1.55 
m above the floor. The jet was free on all sides and was therefore spreading in three dimensions. 
Seeding was introduced into the jet by a silicon oil based smoke generator (JEM Fogger, Jem 
Smoke Machine Company Ltd, Spilsby, Lincolnshire) feeding into a ducting arrangement that 
provided a trickle feed of smoke into the inlets of both fans.
2.1.2 screens
The screens used in this experiment were based on mesh grids of total area 1.2 m by 0.8 m. The
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grid elements were 1.6 mm diameter wires spaced 12.6  mm apart with two layers normal to each 
other to give a square pattern with blockage area ratio, f, (the area of the screen elements per unit 
area covered by the screen) of 0.24. Additional strips of tape were added to the grid running in 
one direction parallel to the long axis of the jet and evenly spaced to give screens with total 
blockage area ratio of 0.43 and 0.62. The screens were fixed, normal to the axial direction of the 
jet, at downstream location, H, 0.43 m from the jet outlet. Previous measurements have shown 
that at this point the jet length scale, yh (defined as the distance from the centre line to the point 
where the U component of velocity is equal to half the centre line value) is 0.15 m.
2.1.3 Photography
The jet was lit from both sides with 2 kW spot lights and the camera was positioned 2.6 m from 
the front edge of the jet outlet looking along the long axis of the jet. A black backdrop was placed 
behind the jet and the photographs were taken as daylight was fading to optimise the contrast of 
the photographs. Between photographs the smoke generator was switched off and any residual 
smoke in the laboratory was allowed to disperse. When the photographs were being taken the 
generator was switched on and the photograph taken as soon as the smoke was seen to reach the 
frill extent of the jet.
2.2 Results and discussion
The photographs obtained are shown in plate 1 from which it is clear that the structure of the jet 
is affected significantly by the screen blockage area ratio. As the photographs are presented on the 
page the jet mean velocity is from left to right and the floor of the laboratory is at the right hand 
side of the photographs. Plate la  shows the unobstructed jet, which expands linearly from the jet 
outlet and has darker regions at the outside of the jet further downstream. These darker regions 
can be explained by the effect of the entrained air at the edges of the jet reducing the smoke 
concentration. Plate lb shows the jet impinging on the screen consisting of the wire mesh alone 
(blockage area ratio, 0.24). Using this visualisation technique it is not possible to see any 
significant difference between this and the unobstructed jet. With the increase in blockage area 
ratio to 0.43 (plate lc) there is a change in structure. The jet now expands on reaching the screen 
and eddy like structures are formed upstream of the screen at the edges of the jet. The jet mass 
flux, although dispersed normal to the original direction of travel, continues on through the screen 
in the original direction. The final photograph, showing the jet directed at the screen with blockage 
area ratio of 0.62 (plate Id), shows a flow pattern that would not be welcome for the
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Plate 1 Jet impinging on screens o f blockage area ratios (a) 0 (b) 0.24 (c) 0.43 (d) 0.62.
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application of pesticides with air assisted sprayers. The jet has largely been deflected by the screen 
to form two jets travelling along the screen normal to the original direction of travel. Some of the 
jet has penetrated through the screen but this is only a low velocity “bleed" flow. This low velocity 
explains the asymmetrical nature of the right hand side of this photograph where the flow is 
apparently being influenced by draughts within the laboratory.
3 Significance of Screen Element Arrangement 
3.1 Materials and methods
3.1.1 air je t
The air jet was identical to that used for the flow visualisation experiment described in section
2.1.1 and was seeded in the same way to provide particles for the Laser Doppler Anemometer to 
operate from.
3.1.2 screens
The flow visualisation showed that blockage area ratios of 0.43 and 0.62 gave significantly 
different jet flow patterns. To ensure that future experiments could be applied to the behaviour of 
jets in plant canopies it was decided to compare screens with alternative element arrangements but 
with the same blockage area ratios. The basis of the screens were sheets of weld mesh, consisting 
of non-woven, 3 mm diameter wires running parallel and normal to each other on 25.4 mm 
spacing. The first arrangement, referred to here as the “square" structure, was thought to be a 
reasonable analogue of the true nature of a plant canopy and consisted of squares of card added 
at each intersection of the wires leaving some of the wire exposed. The second arrangement, 
referred to here as the “strip" structure, was more abstract and consisted of strips of card running 
the full length of all the mesh wires. The card elements were cut to size by guillotine to lines drawn 
on the card by a line printer plotting data from a computer generated file. This method ensured 
that the average blockage area ratio produced was equal to the desired value, although there could 
be small scale variations across the screens due to inaccuracies in guillotining the card. The 
blockage area ratios to be investigated were 0.4 and 0.6 giving card dimensions of 5.7 mm and 9.3 
mm wide strips and 14.2 mm and 18.8 mm wide squares respectively. The screens were located 
on a dexion framework located 600 mm from the jet outlet. Each individual screen arrangement 
covered an area 1.8 m long by 0.9 m wide.
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3.1.3 instrumentation
Jet velocities were measured using a one component Laser Doppler Anemometer (LDA) system 
(Dantec Flowlite) operating in back scatter mode and carrying out auto covariance processing on 
individual Doppler bursts to give a record of instantaneous velocity with time. A beam expander 
was fitted to the LDA probe with a front lens of focal length 500 mm and beam separation of 74.1 
mm giving a measurement volume of 0 .12  mm by 0 .1 2  mm by 1.66  mm, the long dimension being 
in the spanwise direction. At each measurement point 500 validated samples were recorded. The 
data was post processed using Dantec’s Floware software to give mean velocities in the x- 
direction. For each screen, transverse profiles of the jet were measured at six positions between 
the outlet and the screen and five positions beyond the screen.
3.2 Results and discussion
For each velocity profile the peak velocity, Um, was found and was then used to calculate the 
length scale yh, defined as the distance from the centre line to the point on the profile where U = 
0.5Um. The decay of the centre line velocity for each screen is shown in figure la. Clearly, for all 
the screens the centre line velocities upstream of the screen are nearly identical. For the screens 
with blockage area ratio of 0.4, the arrangement of the elements makes very little difference to the 
centre line velocity downstream of the screen, however, for the screens of blockage area ratio of
0 .6  the strip arrangement retains higher velocity beyond the screen than the square arrangement.
The length scale of the jet, y,„ for each screen is plotted against downstream distance in figure lb. 
Between the outlet and the screen the growth rate is identical and near linear for all the screens. 
Immediately beyond the screen the growth of the length scale increases and, for the screens with 
blockage area ratio of 0.4 the square structure gives a higher growth rate than the strip structure. 
For the screens with blockage area ratio of 0.6 this trend is reversed, however, and the growth of 
the jet is greater for the strip structure than for the square structure. In all cases, at some point 
further downstream, the growth of yh starts to slow, and indeed for the screens with blockage area 
ratio of 0.6 starts to reduce. This is probably due to either the strong three dimensionality of the 
jet beyond the screen, or to the weak nature of the jet at this point making it susceptible to 
disturbance by draughts in the laboratory.
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In summary, it appears that the jet reacts differently to screens with different element arrangements 
but there is no general way in which this occurs across the range of blockage area ratios 
investigated. The opposite trend being apparent between the two screen structures for high and 
low blockage area ratios.
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Figure 1 Effect of screen element arrangement on thick jet (a) centre line velocity (b) jet width.
4 Detailed Investigation of Jets Impinging on Screens 
4.1 Materials and methods
4.1.1 air je t
The jet used for the flow visualisation and comparison of screen structures described in sections 
2 and 3 had a small aspect ratio (6:1), which meant that, although it was possible to make 
comparisons between screens, it would not be possible to use these results as the basis for 
developing a model for the behaviour of two dimensional jets impinging on porous structures. For 
this more detailed and fundamental study a large aspect ratio ( 1 0 0 :1) jet rig has been constructed 
in the Enflo laboratory at the University of Surrey. This rig produces a jet through an outlet 600 
mm long by 6 mm wide that enters horizontally into the laboratory within side walls extending
1.25 m from the outlet to prevent spanwise spreading of the jet. Measurement of the velocity of 
this jet(19) have shown that it follows the centre line velocity decay and spreading rate expected of 
a plane turbulent jet(20).
4.1.2 screens
A variety of screens with blockage area ratios ranging from 0.2 to 0.8 are to be investigated. The
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results presented here are for a screen consisting of a 0.6 m by 1 m section of 0.9 mm thick 
perforated plate with 9.5 mm diameter holes on 60° angular spacing giving a blockage area ratio 
of 0.5. This screen was fixed, normal to the je t’s axial direction, at downstream location, H, 500 
mm from the jet outlet.
4.1.3 instrumentation
The same LDA system as described in section 3.1.3 was used for these experiments, however, a 
different optical arrangement was used resulting in beam separation of 38 mm and focal length of 
500 mm giving a measurement volume of 0.24 mm by 0.24 mm by 6.31 mm with the long 
dimension in the spanwise direction. The LDA probe was positioned outside the side walls of the 
rig to avoid disturbance to the flow. The beams were focussed through a perspex window so that 
the measurement volume was on the central spanwise cross section of the jet. Seeding of the flow 
was by a Spirit 900 smoke generator (Concept Engineering Ltd, Maidenhead, Berkshire) 
delivering smoke along a ducting system into the external entrainment air. Previous measurements 
of the free jet had shown that there was no difference in the mean velocities obtained by seeding 
the entrainment air alone or by seeding into the wind tunnel upstream of the outlet alone. At each 
measurement position 1000  validated samples were recorded and the data was post processed 
using Dantec’s Floware software to give mean velocities in the x direction. Transverse profiles 
were measured at six positions between the outlet and the screen and for four positions beyond 
the screen. Measurements were made at additional points along the centre line of the jet to 
determine the behaviour of the centre line velocity decay more accurately.
4.2 Results and discussion
The centre line velocity decay is shown, in figure 2a, to be in general agreement with the trend 
shown by the small aspect ratio jet in section 3.2. The jet behaves as for a free jet up to some point 
close to the screen after which there is an increase in the decay rate of the centre line velocity. In 
addition it is possible to see that the decay of the centre line velocity beyond the screen follows 
the same type of curve as for a free jet. That is:
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The length scale of the jet, yh, as defined in section 3.2, is plotted against downstream distance in 
figure 2b. The behaviour of the length scale is again similar to that of the free jet up to a point
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close to the screen, beyond which there is a large increase in the growth rate of the jet. As with 
the measurements of the small aspect ratio jet, the spreading rate of the jet decreases further 
downstream of the screen. Again this could be due to the three dimensionality of the jet or the 
weak nature of the jet at this point.
As stated in section 4 .1.2 it is intended to carry out similar measurements for a range of screens. 
Also, in addition to the type of analysis described here, the changes in the volumetric and 
momentum fluxes will also be investigated.
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Figure 2 Thin jet impinging on f  = 0.5 porous plate (a) centre line velocity (b) length scale.
5 Conclusions
It has been shown that the behaviour of air jets impinging on porous screens is extremely 
dependent on the blockage area ratio of the screen. This will have implications for the performance 
of air assisted orchard sprayers as the structure of plant canopies change throughout the growing 
season. The behaviour of the jet has also been shown to be only slightly affected by the 
arrangement of the elements making up the screen. Further work is required to determine the 
relationship between jet behaviour and the element arrangement over the foil range of blockage 
area ratios. Initial results from a continuing, detailed study of jets impinging on porous screens 
have been presented showing that the jet is unaffected from the outlet up to some point close to 
the screen. Some identification of the behaviour of the jet beyond the screen has been obtained, 
however, further measurement with a range of screens is required before firm conclusions can be 
made.
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ABSTRACT
The most common method of controlling pests in orchards is through application of 
synthetic pesticides. Growers are currently facing pressure to improve the efficiency of their 
pesticide application equipment from a number of sources. The structure of orchards 
dictates that the spray droplets must have high kinetic energy in order to reach the target 
plant. This kinetic energy is usually supplied by a jet of air produced by a fan at the rear of 
the sprayer. A two dimensional artificial crop canopy has been used to study the behaviour 
of air jets penetrating through plant canopies. This has shown that there is a discontinuity 
between the theory for the jet behaviour before it reaches the plant canopy and the theory 
for the behaviour of the jet once it has penetrated into the plant canopy. The nature of this 
discontinuity will be the subject of an investigation planned for the future.
1 INTRODUCTION
1.1 The Need for Better Control of Orchard Sprayers
A number of factors are forcing fruit growers who use synthetic pesticides to ensure that their 
application equipment is well matched to the target plants. The current trend in legislation is 
towards a tightening of the regulations which govern the use of pesticides (1). A recent proposal 
by MAFF aimed to change the duty that “any person who uses a pesticide shall confine application 
to the land, crop, structure, material or other area to be treated," from a requirement in current 
codes of practise, to a statutory duty under the Control of Pesticide Regulations of the Food and 
Environment Protection Act 1985. As the legislation stands currently growers may be liable to 
fines of up to £20 000 on conviction in the magistrates court under this act. The National Rivers 
Authority (NRA) has also pushed for further controls on the use of pesticides, including 
establishing water protection zones and introducing 6 metre wide “no spray" zones adjacent to all 
water courses(2).
The current economic climate is exerting further pressure on growers to seek the optimum effect 
from the pesticides which they apply. Figures for season 1993/94 showed that within the UK the 
average holding involved primarily in the production of top fruit was operating at a loss of £ 1 2  per 
£100 net output(3). In order for growers to achieve the maximum return from their pest control 
program it is important that the maximum possible control is obtained from the pesticides which 
they apply to ensure that as little fruit as possible is lost to pests.
In addition to the economic and legislative pressures there is also growing public concern over the 
use of pesticides. The total number of incidents investigated by the Health and Safety Executive 
in 1994/95 rose by 55 to 251 over the previous yeaft4). Of these 251 incidents, 167 were concerned 
with allegations of pesticide drift.
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1.2 Environmental Considerations
The legislation to control pesticides, and the concern shown by the public, stems from worries 
over the health effects and safety of pesticides and also the effect which they have on the 
environment. One of the issues relating to pesticides which is currently receiving a lot of attention 
is the occurrence of pesticides in surface and ground water^. This stems from European directives 
which sets standards for the amount of pesticide which is acceptable in water on grounds of public 
safety and environmental considerations (ground water, surface water for drinking, shellfish 
waters, and the aquatic environment in general are all covered by different directives). There is 
also concern over more general environmental impacts of pesticides, such as harm to non-target 
flora and fauna(<3). This is of particular concern to conservationists within sensitive areas such as 
Sites of Special Scientific Interest (SSSI) but is also apparent in the wider countryside, for 
example, when beneficial insects, such as bees, are effected by pesticide application.
1.3 Possible Alternative Pest Control Techniques
There are alternatives to prophylactic use of synthetic pesticides. For example, in the case o f a 
common pest of apples, the coddling moth, corpocapsa pomonella, the alternatives range from 
timing pesticide applications to coincide with the development of the larvae(7), to using synthetic 
sex pheromones to disrupt the mating of the adults. Adoption of these techniques relies on 
growers receiving the necessary training and on there being favourable cost/benefit ratios. In the 
case of pheromones it has been estimated that the price of materials would have to be reduced by 
30-73% to make this method competitive with conventional spray control(8).
1.4 Technology to Help the Environment
It is clear then that, accepting that the use of synthetic pesticides is set to continue, improvements 
in the technology used to apply pesticides will lead to environmental benefits. There is particular 
scope for improvement with orchard sprayers, which are renowned for being particularly prone 
to drift(9). It has been estimated that 8 m downwind of orchard sprayers the drift can be up to 50% 
of the applied dose(10).
The most common design of orchard sprayer incorporates an axial flow fan at the rear of the 
sprayer which creates an air jet around an arc at 90° to the direction of the plant rows. This air jet 
transports droplets of spray (typical mean diameter = 2 0 0  pm) from hydraulic nozzles towards the 
target plant. These machines are capable of moving large volumes of air (up to 20 m3s'1) with a 
resulting mass loading of liquid of around 0.1(11). Gaining a better understanding of how the air jets 
produced by orchard sprayers interact with plant canopies will allow alterations in the set up of 
these sprayers so that less spray is lost to the environment while effective control is maintained.
Experimental work carried out to date, focussing on the behaviour of the air jet within the plant 
canopy, has suggested that what happens at the canopy boundary could have a large impact on the 
amount of pesticide which is lost to the environment. Future experimental work is planned to 
investigate what effect the canopy and jet characteristics have on the behaviour of the flow at the 
canopy boundary.
EngD Conference 1996 - Behaviour of Air Jets at Canopy Boundaries.
17/2
2 APPARATUS AND EXPERIMENTAL TECHNIQUES 
2.1 Jet Behaviour Within Plant Canopies
This study used an artificial crop canopy (ACC) constructed from steel mesh and strips of tape to 
model the plant canopy, and a cross flow fan producing a jet of air to model the orchard 
sprayed12*. Each layer of the ACC had 40% blockage which resulted in a leaf area density of 1.74 
m' 1 (the one sided leaf area per unit volume of the canopy) which is comparable with that for 
hedgerow plantations of apple(13).
Results were obtained for penetration of the jet through the canopy at four fan traverse speeds 
with similar fan outputs (table 1). The value of flow properties quoted at each distance into the 
canopy represents a spatial average for that distance obtained by averaging together the value of 
that flow property over five points within one repetition of the canopy elements. In addition, as 
this is a non-steady flow problem, the value for each point was taken as the average of ten repeats 
at that point. All data logging was conducted at a sampling frequency of 56 Hz.
Jet velocity profiles were also measured in the absence of the ACC to determine the initial 
characteristics of the jet.
2.2 Behaviour of an Air Jet Impinging on a Solid Wall
As part of the preparation for the investigation of the jet behaviour at the boundary of a plant 
canopy, measurements were made for a jet impinging on a solid wall. The jet was produced by two 
cross flow fans arranged to give a single jet with characteristics matching those of the classical free 
jet from distances close to the outlet (table 1).
Measurements were made at twenty positions between the jet outlet and the wall, at a single fan 
traverse speed. Flow properties at each distance from the fan outlet represent an average of five 
repetitions.
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ACC Im pinging w all jet
Jet outlet w idth b0 (nt) 0.09 0.1
Jet outlet length d (m) 0.6 0.6
Outlet aspect ratio d/b0 6.67 6.0
D istance from  jet outlet to canopy or 
w all H (m)
0.06 1.17
Free distance aspect ratio H/b0 0.67 11.7
Fan traverse speed V f (m s'1) 0 .3 , 0 .5 , 1.0, 2.0 0.3
Initial centre line velocity  u0 ( m s 1) 10.8 12.2
Initial flow  integral Q0 ( m V ) 0.93 1.12
Initial m om entum  integral M 0 (m3s'2) 7.8 11.3
Table 1 Experimental conditions at the jet outlet (the quoted values of flow parameters 
are those measured as close to the jet outlet as the anemometer allowed).
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3 RESULTS AND DISCUSSION
3.1 Data Processing
3.1.1 artificial crop canopy data
The data was processed using FORTRAN code written specifically for this task. Firstly the flow 
parameters were calculated for each individual velocity profile. The flow parameters were then 
averaged together to give an ensemble average for each measurement point and spatial averages 
for each penetration distance into the canopy. The extremes of the flow profile were defined as 
the points at which the magnitude of the u velocity component first rose above 0.25um coming in 
from the edge of the data. A typical velocity profile is shown in figure 1. The usual length scale 
used with free jets, of twice the distance to 0.5um was unsuitable as a number of the velocity 
profiles contained more than one velocity maximum. Volumetric flow and momentum flux 
integrals were calculated using the trapezoidal rule thus:
where u; is the value of the u component of velocity at point i, vf is the forward speed of the fan 
and f  is the sampling frequency of the anemometer.
3.1.2 free je t and impinging wall je t data
This was analysed in the same way as the artificial crop canopy data, however spatial averaging 
was not required as there is no variation of the integral properties in the y-direction in the absence 
of obstructions to the flow.
3.2 Free Jet Behaviour
Figures 2-4 show the behaviour of the jet produced by the fan in the absence of any blockage with 
a fan traverse speed of 0.3 ms'1. These show that the jet produced approximately follows the gross 
behaviour expected of a free jet(14) in that the momentum of the jet is conserved, the increase of 
the jet width is linear, and the volumetric flow of the jet increases as air is entrained into the jet 
through turbulent diffusion at the edges of the jet.
3.3 Canopy Jet Behaviour
The behaviour of the free jet can be contrasted with the results for the jet penetrating through the 
ACC for a fan traverse speed of 0.3 ms'1, also shown in figures 2-4. Due to interactions with the 
canopy elements and the resulting change in the static pressure field a proportion of the
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momentum in the initial flow direction is lost. Other workers have characterised this, using profile 
similarity arguments, as an exponential decay dependant upon the initial jet conditions, the fan 
traverse speed and the crop geometry(15). The line shown in figure 2 is a fit line concordant with 
this theory. Projecting this fit line back towards the fan outlet highlights the discontinuity, between 
free jet theory and canopy jet theory, which occurs at the canopy boundary. In this particular case 
the curve must be projected back beyond the fan outlet before it reaches the initial value of the jet 
momentum integral. Clearly a greater rate of momentum loss must be experienced at the first layer 
of blockage than occurs within the canopy.
This discontinuity characteristic is also apparent with the volumetric flow of the jet through the 
ACC. The flow integral decreases slowly as the jet penetrates through the canopy however, there 
must be a sharp drop over the first layer of canopy elements in going from the initial condition of 
Q/Q0 = 1 to Q/Q0 = 0.54 behind the first layer of canopy elements. The variation of the flow 
integral through the canopy is a result of the entrainment process at the edges of the jet, which will 
increase the flow, and the action of the canopy elements deflecting the flow, which will decrease 
the flow in the initial direction of the jet.
The width o f the jet does not show an obvious discontinuity, however, the jet width is large 
compared with the free jet width.
3.4 Impinging Wall Jet Behaviour
The results obtained for the jet impinging on a solid wall, shown in figures 5-7, give an insight into 
the cause of the discontinuity occurring at the canopy boundary. The jet is composed of a region 
where the behaviour of a free jet is observed, and an impingement region(16). The boundary 
between these two regions occurs at x/H « 0.7, the exact value depending on the flow property 
which is being considered.
Figures 5 and 6 show that the momentum integral and the flow integral undergo transitions around 
x/H = 0.7. The jet momentum integral is approximately constant up to this point while beyond it 
there is a loss of momentum due to the variation in the static pressure field resulting from the 
influence of the wall. The flow integral goes through a maximum at x/H ~ 0.7 as a result of the 
flow deflection overriding the flow entrainment process. The transition in jet width appears to 
occur later than those for the integral properties. The jet width is linear up to the last measurement 
point, at which there is a sharp increase in the width.
Behaviour similar to that described above could be expected of a jet impinging on a porous wall 
(as a plant canopy could be considered). Unfortunately the apparatus used for the ACC experiment 
did hot allow measurements to be made in front of the canopy. A new experimental rig is being 
constructed which will allow these measurements to be made.
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4 CONCLUSIONS
The application of existing theories for turbulent jets, to the behaviour of air jets produced by air 
assisted orchard sprayers has been investigated. This has shown that the jet behaviour is well 
described by classical free jet theory up to a point outside the canopy and well described by canopy 
jet theory well inside the canopy. There is however a discontinuity between these two theories 
which, it is proposed, is a result of interactions of a similar nature to those which are observed for 
a plane jet impinging upon a solid wall. Future work is planned to determine the exact nature of 
the air jet/plant interactions which occur at the boundary of the canopy.
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